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ABSTRACT
Colloidal Unimolecular Polymer (CUP) particles were prepared by the process of
water reduction on amphiphilic acrylic copolymers prepared via free radical
polymerization technique. The formation of CUP particles was driven by the polymerpolymer interaction being greater than the polymer-solvent interaction and entropically
favored by release of the water. It was demonstrated by Dynamic Light Scattering
technique that CUP particles based on copolymers below 13,000 MW were unstable and
the particles aggregated to a higher particle size. For the polymers with molecular weight
(MW) above 13,000, a good correlation between the theoretical and experimental CUP
particle size was observed. The rheology behavior of CUPs was affected primarily by the
tertiary electroviscous effects arising from the surface charged groups. At similar volume
fraction, the CUP viscosity increased in the following order: quaternary ammonium >
sulfonate > carboxylate which was directly related to the associated surface water fraction.
The surface water was denser than bulk water and was the highest for sulfonate followed
by carboxylate and quaternary ammonium functional CUP. The surface activity as
measured by maximum bubble pressure tensiometer had the following trend: sulfonate >
quaternary ammonium > carboxylate, at similar volume fraction which was attributed to
the surface energy reduction because of electrostatic-repulsion. CUPs with sulfonate
groups on the surface effectively catalyzed the acrylic-melamine crosslinking reactions and
the cured films had mechanical properties similar to those obtained by using a commercial
blocked p-toluene sulfonic acid catalyst. The CUP catalysts offered distinct advantages
such as lower amount required on a molar equivalent basis and non-leachable in water after
crosslinking, as compared to the commercial catalyst.
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1. INTRODUCTION

1.1. POLYMER NANOPARTICLES
In the recent years, the polymers and coatings industry has seen a remarkable
growth in the application of nanotechnology via development of nano-polymers, nanoadditives and nano-composites. The growth is based on the capacity of nano-technology to
deliver enhanced physical and chemical properties in applications as diverse as
biomedicine and surface coatings.1 There is an increasing trend towards shifting from
simply using nanomaterials as fillers to developing basic nanopolymer systems due its
properties such as high surface area to volume ratio or surface functionalization and wide
range of applications such as electronics, conducting materials, coatings, etc.2
Though the term nano is commonly used to refer anything less than 1000 nm,
nanoparticles with particle size below 10 nm exhibit remarkable properties due to the
precise and ultrafine dimensions.3,4 To date, inorganic nanoparticles less than 10 nm have
been extensively reported. But for polymeric nanoparticles, particle size less than 10 nm
has been difficult to achieve because the nanoparticle systems have been mainly developed
via self-aggregation of amphiphilic block copolymers with little control over the
aggregation behavior.5-7 Recently, Chen et al.8 reported nanopolymer synthesis with
particle size less than 10 nm via inverse microemulsion polymerization technique, but the
particles aggregated to larger diameter on removal of the surfactant.
Van De Mark’s research group has recently reported a facile route for synthesis of
true nanoscale (size < 10 nm) polymeric material composed of amphiphilic acrylic
copolymers and termed it as Colloidal Unimolecular Polymer (CUP).9 Previous studies
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have reported the use of carboxylic acid containing monomer as the hydrophilic group. 10
This thesis further explores the basic science of CUP formation with carboxylic acid
containing monomers and reports for the first time, CUP formation based on sulfonic acid
and quaternary ammonium functional monomers.
CUPs are composed of hydrophobic polymer backbone with hydrophilic pendant
groups and bear a close resemblance to polyelectrolytes which are defined as
macromolecular chains with a large number of ionizable groups.11 The transition of a single
flexible polyelectrolyte chain from a random coil conformation to a globular compact form,
with particle diameter < 100 nm, serves as a fundamental model to study basic physical
phenomena with wide-ranging implications to fields such as protein folding12, drugdelivery13, waterborne resins14 and surface coatings15 and therefore has been widely studied
in the last few decades. Various methods have been implemented to trigger the coil to
globule transition such as the change in solvent dielectric or a change in pH.16-19 CUPs
could be utilized as a model material for studying the coil to globule transition.

1.2. POLYMERIC MICELLES
The conformational behavior of polyelectrolytes has also led to the synthesis of
polymers that had the ability to form single chain nanoparticles (SCNPs). The particles can
mimic micelle behavior and collapse inwardly due to a change in the regional environment,
or collapse by intramolecular self-crosslinking. Li20 investigated the use of multi-chain
polymeric micelles as potential drug delivery systems. The hydrophobic blocks consisted
of the anticancer drug paclitaxel, grafted onto blocks of hydrophilic polyether ester. The
polymers were placed in an aqueous environment and upon adjusting the pH, the polyether
ester portions of the chains oriented into the water phase and left the hydrophobic paclitaxel
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oriented to the interior domain. The macromolecular polymeric micelles had an average
diameter of 50-120 nm. The paclitaxel was released into the cell through hydrolysis of the
ester bonds that linked the drug to the hydrophilic exterior.
In a study by Morishima21, polyelectrolyte chains composed of methacrylamide
with bulky hydrophobic groups such as cyclododecyl and adamantyl and hydrophilic
sulfonic acid groups were observed to be “self-assembled” to form spherical particles with
a particle diameter of about 20 nm.
Mecerreyes et al.22 used linear copolymers with pendant acryloyl or methacryloyl
groups as reactive precursors. Aliphatic polyester were obtained through ring opening
(ROP) copolymerization of 4-acryloyloxy caprolactone with ε-caprolactone. The reactive
precursor was then radically polymerized in ultra-dilute conditions to give single chain
nanoparticles (SCNP’s) with particle diameter in the range of 3.8 - 13.1 nm. If polymerized
in concentrated conditions, a 3-dimensional polymer network rather than particles was
formed.
Altintas et al.23 utilized Diels Alder reactions by incorporating dienes precursors
and dienophiles along the polymer backbone. The chains were then subjected to a UV-A
fluorescent lamp at 320 nm causing intramolecular Diels Alder reaction. The SCNP’s were
successfully prepared at concentrations of 0.017 mg/mL and the diameters were dependent
on the molecular weight of the polymer precursors.
Jiang et al.24 demonstrated SCNP’s synthesis via sulfonyl-azide functionalized
polymer precursors. The polymers were then dissolved in benzyl ether and subjected to
high heat causing the loss of nitrogen and forming nitrene groups which then reacted with
the C-H bonds along the polymer backbone to give crosslinked product.
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Non-unimolecular collapse has been observed in waterborne urethane resins used
in the coatings industry. Resins have been synthesized by the reaction of isocyanates with
either modified or unmodified polyester polyols, in acetone with water addition. Removal
of the acetone from the resin-water blend caused the chains to collapse into aggregate
particles with diameterrs of approximately 25 nm25. Collapse of polymer chains while still
entangled has also been used in the coatings industry, as water-reducible resins26. Waterreducible resins were dissolved in high boiling water miscible solvents, the resins contained
ionizable carboxylic acid groups that were neutralized with amines. Water was then added
to the coating, until the solvent blend became a less-than theta solvent condition, which
caused the chains to collapse.
CUP particles although similar in concept to Morishima’s unimolecular micelles21
and the currently used water-reducible resins, are also unique because of its method of
synthesis. The CUP synthesis involves dissolving the polymer in a water miscible organic
solvent, adding water slowly, and then complete evaporation of the organic solvent, leaving
the CUP particles suspended in aqueous media, thereby achieving a zero-VOC (volatile
organic compound) solution. Zero-VOC is especially important because of the continually
decreasing acceptable limits of solvent emissions. The polymer itself is not water soluble,
however, after the water reduction process, polymer particles are suspended in water and
are stable long term.
The major challenge for achieving stability of collapsed polymer chain is the
hydrophilic/hydrophobic balance of amphiphilic polymer. If the chains are too
hydrophobic, then the collapsed chains tend to aggregate and if the chains are too
hydrophilic, they tend to dissolve or maintain a chain-like conformation even after
collapse. Only when all the factors such as the concentration of polymer in solvent, charge
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fraction of polymer, temperature, pH and solubility of polymer in solvent are coordinated
simultaneously, can the individual polymer chains collapse into a single compact globule.
1.3. COLLOIDAL UNIMOLECULAR POLYMER (CUP)
CUPs are a two-phase colloidal system with solid unimolecular polymer as the
dispersed phase and water as the continuous phase. Colloidal Unimolecular Polymer (CUP)
particles are formed by the effect of hydrophilic/hydrophobic interactions of the polymer
with a change in the solvent environment. CUP formation is driven by the polymerpolymer interaction being greater than the polymer-solvent interaction and entropically
favored by release of the water similar to micelle formation with hydrophilic or charged
groups creating the sphere-like shape.
Figure 1 shows the formation of CUP particles based on a copolymer of methyl
methacrylate (MMA) and 2-acrylamido-2-methylpropane sulfonic acid (AMPS) with the
sulfonate groups on the surface, preventing the particles from aggregation. The CUP
suspension contains only charged particles, water and counterions and are free of
surfactants or stabilizers unlike latex resins prepared by emulsion polymerization. As a
result, there are several advantages of CUPs over other traditional materials treated as
model nanomaterials.
First, CUP is formed by a single strand of polymer chain with ionizable groups on
the surface, which is similar to the conformation of globular proteins. Second, CUP is free
of surfactant and its preparation is quite simple while surface modified latex involves
tedious dialysis to remove the surfactant. Third, the particle size and charge density of
CUPs can be easily controlled by controlling the molecular weight of the copolymer. All
of the functional groups are on the surface of particle and thus more readily available for
further modification / reaction and incorporation into polymer and coating formulations.
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Figure 1.1 Process of formation of CUPs from poly(MMA-co-AMPS)

The advantages make CUPs a very good model material to study the fundamental
properties of protein or analogous particles. Among the basic properties of polyelectrolytes,
rheology and surface tension are of great importance because of their correlation to the
conformation, diffusion, surface behavior and application properties. The acrylic CUP
resins based on carboxylic acid monomers could be potentially used as clear coats for coil
coatings after crosslinking with melamine or aziridine crosslinkers.27 Use of sulfonic acid
functional monomers can lead to the synthesis of CUPs with sulfonic acid groups on the
surface with potential application as novel polyfunctional acid catalyst. Other applications
could include as surfactants or rheology modifiers. CUPs with quaternary ammonium
groups on the surface could have potential applications in anti-bacterial coatings,
polymeric flocculants etc. CUPs with cationic groups could be utilized as flocculants or in
fabric softeners due to their surface activity.
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1.3.1. Water-reduction Process For CUP Synthesis. Water-reducible polymers
show a unique viscosity behavior during the water-reduction process. When the acid groups
are neutralized, the viscosity increases slightly due to inter and intrapolymer ionic
interactions and hydrogen bonding. As more water is added, the viscosity increases further
due to repulsive interactions of solvated ions causing the polymer chain to take an extended
rod-like conformation. At a critical ratio of water to THF, the individual polymer chains
collapse to form spherical particles causing a dramatic decrease in viscosity.28,29
1.3.2. Water-reduction Protocol. Riddles et al.9 have demonstrated that the purity
of the water used for water-reduction was a critical factor and it should be free of polyvalent
cations such as calcium. The calcium ions interact with the carboxylic acid groups on the
polymer chain and cause multiple chains to aggregate and precipitate out of solution. The
calcium salt of carboxylic acid does not readily dissociate and the polymer chains lose their
ability to be stabilized and precipitate.30 During the water-reduction, water had to be added
slowly using peristaltic pump via a submerged tube and stirred continuously at a modest
rate to prevent a large change in the regional solvent composition.
If the polymer chains were at a high concentration during water-reduction, they
collapsed while entangled, resulting in particle diameters larger than expected. If the
concentration was low, the individual polymer chain was able to collapse on itself. The
hydrophobic: hydrophilic monomer ratio of 7:1 to 12:1 was found to be suitable to achieve
CUP formation. A higher ratio gave non-unimolecular collapse due to increased
hydrophobic aggregation while a lower ratio made the polymer water-soluble.9
1.3.3. Determination Of Effective Charge. As reported by Chen et al.,31 the
carboxylate functional CUP displayed interesting rheological behavior dominated by the
tertiary electroviscous effect because of the presence of surface water layer. The
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electroviscous effects occurring due to the presence of surface charge gives rise to
electrophoresis. Electrophoresis is defined as the migration of charged colloidal particles
through a solution under the influence of an applied electric field and has a profound effect
on the rheological behavior of a colloidal dispersion.32 The fundamental parameters
involved in electrophoresis are the zeta potential (ζ), the Debye-Hückel parameter (κ) and
the electrophoretic mobility (μ). The zeta potential is the potential at the surface of shear
of a particle which is the layer of liquid immediately adjacent to a particle and moves with
the same velocity as the surface. The boundary of the surface of shear is assumed to be
within a couple of molecular diameters away from the surface of particle. For regular
suspensions where the ionic strength is dominated by added electrolytes, 𝜅 is expressed as
follows32:
𝑒2

𝜅 2 = [(

𝜖𝑘𝐵 𝑇

) ∑𝑖 𝑧𝑖 2 𝑛𝑖∞ ]

(1)

Where, e is the elementary charge, ε is the permittivity of the solvent, kB is the Boltzmann
constant, T is the temperature, zi is the charge number of the electrolyte ions in the solution
and 𝑛𝑖∞ is the number of each ion. The unit of 𝜅 2 is m-2, so 𝜅 −1 has the unit of meter and
is known as the thickness of electrical double layer.
The relation between zeta potential, electrophoretic mobility and Debye-Hückel
parameters forms the basis of the electrophoretic properties of CUP. If the surface potential
is low enough to justify

𝑒𝜓
𝑘𝐵 𝑇

< 1, and the ion atmosphere is undistorted by the external

field, then the mobility can is expressed as33:
𝜇=

2𝜖𝜉
3𝜂

𝑓(𝛼)

Where, α is the ratio of radius of particle to Debye length, i.e. α= 𝜅𝑎, and when 𝛼 <1,

(2a)
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1

5

1

1

1

1

𝛼 𝑒 −𝑡

𝑓(𝛼) = (1 + 16 𝛼 2 − 48 𝛼 3 − 96 𝛼 4 − 96 𝛼 5 − (8 𝛼 4 − 96 𝛼 6 )*exp(𝛼) ∫∞

𝑡

𝑑𝑡)

(2b)

For 𝛼 >1,
3

9

𝑓(𝛼) = (2 − 2 𝛼 −1 +

75
2

𝛼 −2 − 330𝛼 −3 )

(2c)

The equations 2a, 2b and 2c are Henry’s equations based on which, Ohshima
corrected the factor 𝑓(𝛼) to ζ.34 The equations are applicable to particles with constant
charge density and work well for the dilute concentration regime, where the particleparticle interaction can be considered negligible. When the particle concentration
increases, the inter-particle distance decreases and the electrostatic repulsion increases until
at a critical point, the counterion collapses on the surface of particles. The entire process,
known as counterion condensation, decreases the surface charge density and enables the
particles to further approach each other.35
For the salt-free CUPs, the counterion comes from the dissociation of functional
groups on the surface. As the concentration of CUP increases, the concentration of
counterions also increase causing the Debye-Hückel parameter to increase, and
compressing the electrical double layer. The effective diameter of the charged particle
decreases which counters the effect of counterion condensation. Due to the complicated
nature of the ionic and the electrokinetic environment, the average effective charge on each
particle is difficult to determine experimentally.
The effective charge is a very important parameter in colloidal systems as it is
related to its stability and also its rheology and surface tension properties. To the
knowledge of the author, there is no common method to measure the effective charge and
the results from different methods can vary significantly. The effective charge for the CUP
particles has been calculated using Belloni’s36 program which requires the knowledge of
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the particle size, maximum bare charge, pH of the system and the salinity. The program
uses a model based on the assumption that each colloidal particle occupies the center of a
spherical Wigner–Seitz (WS) cell37 with the presence of counterions and that two electro
repulsive surfaces tend to minimize the total free energy.
1.4. OBJECTIVE OF THIS RESEARCH
Zero-VOC, aqueous colloidal unimolecular polymer particles based on methacrylic
acid monomer as the hydrophilic group have been reported and characterized for the
viscosity behavior and gel formation. The main objective of the present work was to further
evaluate the basic physical properties of CUPs with different surface functional groups and
explore some applications. The following studies were planned to attain the objective:
1. Synthesize a series of copolymers based on methyl methacrylate and methacrylic
acid, with different molecular weight (MW) in the range of 2,000 to 160,000 and
evaluate the effect of MW on CUP formation and stability. Different molecular
weight corresponds to different surface charge density
2. Develop novel sulfonate functional CUPs based on copolymers with sulfonic acid
functional groups and evaluate their application as an acid catalyst for crosslinking
of three different acrylic resins including, OH-functional-latex, CO2H-functionallatex and CO2H-functional-CUP with melamine resin systems. The performance
of CUP catalyst in curing acrylic-melamine films would be evaluated in terms of
mechanical properties such as pencil hardness, indentation hardness and solvent
resistance via MEK double rubs and the non-leachability of CUP catalyst in water.
Performance comparison would be performed with respect to a commercial
blocked sulfonic acid catalyst.

11
3. Synthesize

novel

cationic

CUPs

(methacryloyloxy)ethyl]trimethylammonium

chloride

based
(QUAT)

on

[2-

hydrophilic

groups and evaluate its rheology and surface tension behavior.
4. Investigate the basic physical properties including rheology, surface tension and
surface water density of sulfonate functional CUPs.
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ABSTRACT
The formation of colloidal unimolecular polymer (CUP) particles from single
polymer strands was investigated as a function of molecular weight. The CUP particle size
was correlated with the absolute molecular weight and its distribution. The characteristics
of the particles were evaluated with respect to viscosity, acid number, size distribution and
stability.

The particle size varied from less than three nanometers to above eight

nanometers representing polymers with molecular weight in the range of 3,000 to 153,000.
Lower molecular weight polymers were found to be unstable. Particle size measurements
using Dynamic Light Scattering technique indicated a normal distribution which
corresponded to the molecular weight distribution of the copolymer. The statistical
distribution of the acid groups in the polymer chains played a significant role in the stability
of low molecular weight polymers.
Keywords
Colloidal unimolecular polymer (CUP), Molecular weight, Stability, Particle size
distribution
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INTRODUCTION

Micelle formation of amphiphilic polymers has been a topic of huge interest
because of its diverse applications ranging from an understanding of protein folding and
drug delivery to its application in polymers and coatings in general. Kabanov et al. studied
micelle formation of block copolymer based on hydrophilic poly(ethylene oxide) and
hydrophobic poly(propylene oxide).1 Kataoka et al. demonstrated micelle formation of
diblock copolymers of poly(aspartic acid) as the hydrophobic block and poly(ethylene
glycol) as the hydrophilic block.2 The aspartic acid-PEG copolymers and similar other
amphiphilic diblock copolymers which form polymeric micelles suffer from a major
drawback in the sense that they are dynamic entities and demonstrate micelle-like
properties only above a critical micelle concentration (CMC).
As a solution to the problem, Uhrich et al. synthesized hyperbranched polymers
with a hydrophobic core and a hydrophilic shell, which, because of its covalently bound
structure gave stable micelle-like structures.3-5 Moroshima et al. studied micelle formation
through intramolecular aggregation of random copolymers of 2-acrylamido-2methylpropanesulfonate (AMPS) and methacrylamides, N-substituted with bulky
hydrophobic groups with cyclic structures like cyclodecyl, admantyl and 1-naphthyl.6,7 In
both the cases, the polymers studied were readily soluble in water which hampers its
application in paints and coatings and also the particle size of the polymeric micelle were
not in the true nano-scale region (<10 nm).
Recently, Van De Mark et al.8 have reported the synthesis of a new type of micellelike, true nano-scale polymer and termed as colloidal unimolecular polymer particles
(CUPs). Some of the interesting features of CUPS include zero volatile organic content
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(VOC), particle size in the range of 3–9 nm and an easy and efficient synthesis. The CUPs
are self-stabilized by electrostatic repulsion of the surface functional groups which obviates
the use of any surfactant. Also, CUPs have all of the functional groups on the surface
making them more available for further modification.
In paint formulations, smaller the particle size of the resin, the faster its coalescence
into a film. As Kan has observed, the minimum film forming temperature (MFFT) of
waterborne resins increases with increasing particle size of the resin.9 So, CUPs could
possibly provide faster coalescence compared to latex resins and provide a major advantage
for use in paint formulations.
CUPs are solid unimolecular polymer particles suspended in an aqueous phase.10
Figure 1 illustrates the size comparison of a conventional latex particle, waterborne
urethane resin and Colloidal Unimolecular Polymer (CUPs) particle.

Fig. 1: Size comparison of latex, waterborne urethane and CUP particle
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CUPs are typically prepared from polymers containing hydrophilic groups such as
carboxylic acid salts or sulfonic acid salts on the hydrophobic polymer backbone. The
amount of hydrophobic and hydrophilic groups on the polymer chain (HLB value) plays a
critical role in the unimolecular collapse of the random acrylic polymer chains during the
process of water reduction. The collapse of polymer chains in the aqueous solution is
favored by a higher polymer-polymer interaction as compared to polymer-solvent
interaction and entropically favored by the release of water which is associated with the
surface of polymer chains.
The polymer chains which are in a state of random coils in THF undergo a
conformational change as the solvent environment around the polymer is changed by way
of neutralization with a base and addition of water. The random coil conformation in THF
transits to an extended chain conformation with neutralization of acid groups and water
addition because of the ionic repulsion along the polymer chain and then finally to a
collapsed globule like conformation. When the concentration of polymer in the solution is
dilute, the polymer chains collapse unimolecularly and the CUPs are then stabilized by the
carboxylate groups through electrostatic repulsion.11
In the present study, the effect of molecular weight of the acrylic copolymers on
the formation and stability of colloidal unimolecular polymer particles was explored. Nine
random copolymers of methyl methacrylate and methacrylic acid with a molecular weight
in the range of 3000 to 153000 were synthesized and investigated for their ability to waterreduce to form colloidal unimolecular polymer particles with a stable particle size in the
true nano-scale region (<10 nm).
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EXPERIMENTAL

Materials
Methacrylic acid (MAA), methyl methacrylate (MMA), 2,2′-azobis (2methylpropionitrile) (AIBN) and 1-butanethiol were purchased from Aldrich. Inhibitors
from MMA were removed by washing with 10% aqueous solution of sodium bicarbonate
(NaHCO3), distilled water and brine solution respectively and further purified by
distillation. MAA was purified by distillation with copper (I) bromide under vacuum.
AIBN was re-crystallized from methanol prior to use and n-butanethiol was used as
received. Tetrahydrofuran (THF) was purchased from J. T. Baker and purified by
distillation before use.

Polymer synthesis
Copolymers of MMA and MAA were prepared in a 3-neck flask equipped with
thermometer, nitrogen inlet and condenser fitted with a mineral oil isolation positive
pressure bubbler. MMA and MAA monomers were charged into the flask in a molar ratio
of 9:1 along with the solvent THF and n-butanethiol as a chain transfer agent. AIBN was
used as the free radical initiator and the polymerization reaction was carried out under
refluxing conditions for 24 hrs. The polymer solution was then cooled to room temperature
and precipitated in cold de-ionized water under high shear and then filtered.
For further purification, the polymer was re-dissolved in distilled THF and
precipitated in cold water under high shear, primarily done to get rid of most of the
unreacted MAA monomer as it was water-soluble. The traces of un-reacted MMA and THF
were removed by placing the polymer in a desiccator under high vacuum. The polymers
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were thoroughly dried using a freeze-drier. Polymers with different molecular weights
were synthesized by controlling the amount of chain transfer agent n-butanethiol. The
composition for the polymers synthesized is listed in Table 1.

Synthesis for 12K polymer
The monomers MMA (0.9 moles, 91.3 g), and MAA (0.1 moles, 8.7 g) and the
solvent (THF) were charged in a 500 ml 3-necked round bottom flask fitted with a nitrogen
inlet, a mechanical stirrer, a thermometer, and a reflux condenser with a gas bubbler tower
at the top to allow a positive flow of nitrogen throughout the polymerization. Then the
chain transfer agent i.e. n-butanethiol (0.008 moles, 0.75 g) was added to the reaction
mixture. While stirring the reaction mixture, the 3-necked flask was purged with nitrogen
gas for about 15 minutes to get rid of oxygen before adding the initiator. After purging, the
freshly recrystallized free radical initiator i.e. AIBN (0.0007 moles, 0.12 g) was added. The
flask was heated slowly to reflux and allowed to react for 24 hours. The polymer solution
was then cooled to room temperature and the polymer was precipitated in cold de-ionized
water under high shear. Then the polymers were dried completely using a freeze drier. All
the polymers were synthesized similarly.

Characterization of polymers synthesized
Absolute number average molecular weights (Mn) were measured by Gel
Permeation Chromatography (GPC) on a Viscotek GPCmax from Malvern instruments
coupled with a triple detector array TDA305 (static light scattering, differential
refractometer and intrinsic viscosity). Acid value (AV - reported in mg of KOH/ g of
polymer sample) for all polymers were measured by titration method mentioned in ASTM
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D-974 which was modified by using potassium hydrogen phthalate (KHP) in place of
hydrochloric acid, and phenolphthalein as an indicator in place of methyl orange.

Table 1. Formulation for MMA-MAA Polymers
Polymer

Acrylate: acid molar ratio

Monomer:Thiol ratio

Poly-1

9:1

28:1

Poly-2

9:1

55:1

Poly-3

9:1

106:1

Poly-4

9:1

155:1

Poly-5

9:1

201:1

Poly-6

9:1

246:1

Poly-7

9:1

824 :1

Poly-8

9:1

1030 :1

Poly-9

9:1

1648 :1

Water-Reduction of MMA-MAA based copolymers to form CUPs
The purified and dry acrylic copolymers were dissolved in dry and distilled THF; a
low boiling and water miscible solvent. The polymer was stirred overnight for complete
dissolution of polymer chains. Aqueous ammonium hydroxide solution (28% w/w) was
added to neutralize all the acid groups on the copolymer based on the acid number of the
copolymer. Deionized water modified to a pH of 8~9 using 28% aqueous NH4OH solution
was then added to the polymer solution by a peristaltic pump at a rate of about
1.24g/minute. The pH of solution was maintained at 8-9 throughout the process of water
reduction. THF was then stripped off under vacuum to give CUPs in VOC free aqueous
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solution. The CUP solutions were then filtered through 0.45μm Millipore membrane to
remove any impurities.
Water reduction process-Poly-4 (MW=12K): 10 g of poly (MMA-co-MAA) was
dissolved in 40g of THF to make a 20% w/w solution. The carboxylic acid groups were
neutralized by adding 28% aqueous NH4OH solution and 90g of deionized water was then
added by means of a peristaltic pump. The THF was then completely stripped off invacuum. Then the sample was concentrated by stripping off water to give a 20% w/w CUP
solution of poly (MMA-co-MAA) in water. Figure 2 shows the process of formation of
CUP particles with carboxylate groups on the surface, preventing the particles from
aggregating through electrostatic repulsion.

Fig. 2: General Process of Formation of CUPs
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The water reduction process for CUP particle was depicted in Figure 2. The
polymer had a hydrophobic backbone of methyl methacrylate and hydrophilic methacrylic
acid units in a molar ratio of 9:1. When dissolved in THF (dielectric constant = 7.58 at
25°C) the polymer chain was a random coil based upon the Mark-Houwink exponent ‘a’.
The value of the Mark-Houwink constant ‘a’ for polymers was 0.66 ± 0.03. When base i.e.
ammonium hydroxide was added to the solution, the carboxylic acid groups on polymer
chain formed ion pairs of COO- and NH4+. When pH modified water (pH = 8-9) was added
using peristaltic pump, the formed ion pairs become solvated and separate. Negatively
charged carboxylate groups then repelled each other due to the increasing dielectric caused
by the added water (dielectric constant = 78.39 at 25°C)12 and the polymer chain stretched
causing an increase in the viscosity.
With continuous addition of water, at a critical point in the composition, the
amphiphilic polymer chains collapse. The hydrophilic carboxylate groups orient into the
water phase organizing to produce maximum separation of charge and the stretched
hydrophobic polymer chain collapsed to the spheroidal CUP particle. The unimolecular
collapse was also dependent on molecular weight and on the concentration of the
amphiphilic polymer in THF and THF/water mixture. At higher concentration, polymer
chains overlap and if overlapped polymer chains come in contact with each other at the
critical point, non-unimolecular collapse occurs forming a larger particle size or coagulum.
When carboxylic acid groups are used, the water must be free of polyvalent cations like
calcium which cause aggregation and gelling.
Characterization of CUPs
After the water-reduction process which includes the removal of THF, viscosity
measurements of CUP solutions were done using the Brookfield LV DVIII rheometer for
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use in particle size measurements. Viscosity at two different temperatures was measured,
one at 250 C and other at 290 C. Shearing viscosities of CUPs at different shear rate were
measured. The shear rates were programmed to increase at set speed and viscosities were
recorded after continuous shearing for 1 minute at each speed. Particle size and distribution
were measured by dynamic light scattering on a Nanotrac 250 particle size analyzer from
Microtrac with a laser diode of 780 nm wavelength, and 180° measuring angle. The
viscosity of the solution was used instead of the viscosity of solvent for measuring the
particle size.

RESULTS AND DISCUSSION

Acid Number
The experimental value of acid number was slightly greater than the theoretical acid
number which can be explained by the loss of some of the MMA monomer which was
more volatile of the two monomers, through evaporation with solvent during the
polymerization. The methacrylic acid monomer has a high boiling point of about 161 oC
and therefore is lost to a lesser extent. Table 2 shows the values for the theoretical and
experimental acid number and percent yield for all the nine polymers synthesized. The acid
numbers were determined using standard titration methods.
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Table 2. Percent Yield and Acid Value of Polymers
Polymer
Synthesized

Acid Value (mg KOH/g polymer)
Percent Yield

Theoretical

Experimental

Poly-1

80

56.8

57.7

Poly-2

89

56.8

57.1

Poly-3

85

56.8

58.4

Poly-4

84

56.8

58.2

Poly-5

90

56.8

57.3

Poly-6

80

56.8

57.3

Poly-7

75

56.8

57.8

Poly-8

78

56.8

57.1

Poly-9

76

56.8

58.4

Molecular weight determination
Molecular weight and the polydispersity index for all the polymers synthesized
were listed in Table 3. The number average molecular weight (Mn) as determined by the
GPC was close to the targeted molecular weight for all polymers. The molecular weight of
the copolymers was controlled by changing the amount of chain transfer agent. The last
column indicates the theoretical number of acid groups on each polymer chain which is
explained further in the results and discussion section.
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Table 3 Molecular Weight, Polydispersity Index and Number of Acid Groups Per
Polymer Chain of the Synthesized Polymers
Number of acids
Polymer Synthesized

Molecular Weight
(Mn)

Polydispersity index

group per
polymer chain
(calculated)

Poly-1

3.5Ka

1.20

4

Poly-2

4.5K

2.02

5

Poly-3

8.5K

1.79

9

Poly-4

13K

1.48

13

Poly-5

15K

1.61

15

Poly-6

20K

1.32

21

Poly-7

72K

1.19

74

Poly-8

90K

1.15

92

Poly-9

153K

1.27

157

a- Polymers were run at 2 mg/cc in THF except Poly-1 which was 4mg/cc.

Water-reduction of the polymers to prepare CUPs
All the polymers except the Poly-1 sample (MW = 3.5K) underwent waterreduction to give a clear, transparent CUP solution without any visible aggregate
formation. For Poly-1 sample however, some polymer precipitated out during the solvent
(THF) removal step to give a white, turbid solution with solid polymer particles. The molar
ratio of MMA: MAA in the polymer was 9:1 which means that on an average, three
carboxylic acid groups are present on an individual polymer chain of the Poly-1 sample
with molecular weight of 3500. Simha and Branson first gave a general description of
sequence distribution and chemical composition distribution in random copolymers13
which was later simplified by Stockmayer14.
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According to Stockmayer, for free radical random copolymerization, the
composition of the copolymer at any instant depends upon the concentration of growing
free radical chains which is a function of the reactivity ratios of monomers, monomer
concentration and number average degree of polymerization.

The concentration of

growing radical can be expressed as a power series of composition deviation which leads
to a statistical distribution of chain composition about the mean value. As a result, for the
MMA-MAA copolymer synthesized, the acid groups on the polymer chains have a
statistical distribution similar to the molecular weight distribution (polydispersity). The
carboxylic acid groups after being neutralized to carboxylate groups provide the necessary
stability to CUP particles through electrostatic repulsion.
The formation of solid polymer particles during the solvent removal step for Poly1 sample indicated that some polymer chains had insufficient number of carboxyl groups
on the chain to keep them stable via electrostatic repulsion for a unimolecular collapse.
Insufficient stabilization lead to the aggregation of polymer chains which resulted in some
portion of the water-reduced polymer precipitating out of the solution. The acid number of
the precipitated Poly-1 was evaluated to provide evidence that the precipitated polymer had
lower acid value than the original synthesized copolymer. The solid particles of the
precipitated polymer were first filtered from the CUP solution and then dried to constant
weight in vacuum. The acid value of the precipitated polymer was determined to be 28.4
mg KOH/ g of polymer which was considerably lower than the acid value of the
synthesized polymer (Poly-1) and indicated that the polymer chains with low number of
acid groups had precipitated out because of insufficient stabilization.
The remaining CUP solution was then filtered through a 0.45 micron filter and
analyzed further for viscosity and particle size measurement. A pictorial comparison of the
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turbid CUP solution of Poly-1 before filtering, the clear CUP solution of Poly-1 after
filtering and the clear CUP solution of poly-5 (MW = 15K) was shown in Figure 3. A
sample of the filtered CUP solution of Poly-1 was also analyzed for acid number. The acid
number was 74.1mg KOH/g polymer and was larger than the acid number of the
synthesized copolymer, Poly-1. Therefore, during water-reduction of Poly-1, the fraction
of polymer with low acid number i.e. insufficient electrostatic stabilization precipitated out
of the solution and the remaining fraction of polymer which stayed in solution had a larger
acid number.
The molecular weight of the polymer that precipitated and the polymer that
remained in solution after filtration was measured using GPC. The number average
molecular weight of the precipitated polymer was 2.5K which corresponded to polymer
chains with low acid number and hence insufficient electrostatic stabilization. The number
average molecular weight of the fraction of polymer that stayed in solution after filtration
was 4K which corresponded to polymer chains with sufficient electrostatic stabilization
that prevented the polymers from precipitating out but still insufficient to prevent
aggregation, giving dispersions with larger particle diameter. The acid number of the
precipitated polymer and the polymer that remained in solution also corroborated the
finding that low molecular weight copolymers had insufficient electrostatic repulsion and
therefore were unstable.

26

Fig. 3: Vial 1: CUP solution of Poly-1 before filtering; Vial 2: CUP solution of
Poly-1 after filtering; Vial 3: CUP solution of Poly-5 (MW = 15K)

The concentration of polymer in THF can affect the unimolecular collapse of the
polymer chains during water reduction. Dilute concentration prevents the polymers from
aggregating during water-reduction. So, polymers up to Mn = 20K were dissolved in THF
at a concentration of 20% weight solids, Poly-7 (72K) and Poly-8 (90K) at 10% weight
solids and Poly-9 (153K) was at 5% weight by solids to avoid overlap of polymer chains
during water reduction process [10].
High molecular weight polymeric chains begin to overlap when the distance
between them becomes on the order of the hydrodynamic size in solution which prevents
the unimolecular collapse of polymer chains to form CUPs. So, low concentration was
required only during the CUP formation process. Once formed, the CUP solution can be
concentrated by removing water under vacuum.
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Viscosity measurements of CUP solutions
The viscosity values used for measuring the particle size of CUPs were listed in
Table 4. For each CUP solution, at both 250 C and 290 C, the shear stress on CUP solution
increased linearly with increasing shear rate. The viscosity values were constant for all
values of shear rate which indicated that the CUP solutions behave as a Newtonian fluid at
that concentration. A representative plot of viscosity against the shear rate for samples
Poly-4, Poly-7 and Poly-8 was shown in Figure 4.

Table 4. Percent Solids and Viscosity at 250 C and 290 C for CUP Solutions

Polymer samples

% Solids

Viscosity (cP)at 250

Viscosity (cP) at

C

290C

Poly-1

12.5

4.51

4.30

Poly-2

18.9

6.79

5.16

Poly-3

19.9

8.25

7.47

Poly-4

19.5

8.96

8.06

Poly-5

22.1

10.0

8.84

Poly-6

19.9

14.1

9.26

Poly-7

9.07

3.96

2.43

Poly-8

8.88

4.31

2.73

Poly-9

4.82

1.55

1.45
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Fig. 4: Viscosity against shear rate for Poly-4, Poly-7 and Poly-8 at 5.00% solids at
250 C

At higher concentrations the CUP solutions begin to show non-Newtonian viscosity
behavior. A representative plot of viscosity against shear rate for Poly-8 at 15% solids by
weight was shown in Figure 5. The viscosity decreased with increasing shear rate or shear
stress which indicated shear thinning behavior. The effect of molecular weight on the
viscosity was evaluated by conducting viscosity measurements on the samples at the same
concentration of 5.00% solids by weight. The viscosity values at 250C and 5.00% solids
were listed in Table 5. The viscosity of CUP solutions increased with increasing molecular
weight of polymers which was attributed to the increased charge density on the surface of
CUP particle with increasing molecular weight of the polymer.
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Fig. 5: Viscosity against shear rate for Poly-8 at 15% solids at 250 C

Table 5. Viscosity measurements at 250 C for CUP solutions at 5.00% solids by weight
Polymer samples

Viscosity (cP)

Poly-1

0.99

Poly-2

1.03

Poly-3

1.21

Poly-4

1.26

Poly-5

1.29

Poly-6

1.31

Poly-7

1.48

Poly-8

1.71

Poly-9

1.88

For acrylic latexes, viscosity is independent of molecular weight of the resin and
depends primarily on the particle size.15 For water-borne urethane dispersions, the viscosity
is independent of molecular weight in the dilute regime.
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There is no long range charge interaction which depends only on the particle size
as governed by the Einstein’s theory of viscosity for dispersions of non-charged
particles.16,17 But as the concentration crosses into the semi-dilute regime, the viscosity
builds up due to charge interaction and could be explained by fitting various viscosity
models, one of them being the Ruiz-Reina’s model.18
In the case of CUPs, the viscosity depends on both the molecular weight and
particle size. The viscosity of CUP solution increased with increasing molecular weight of
the copolymer due to increasing surface charge. For all the three types of resins, the
viscosity of the solution increased with decreasing particle size at constant particle surface
charge density.11 Lower the particle size, higher the surface area which leads to higher
amount of surface water and an apparent increase in viscosity.19,20 As the particle size
decreases, the maximum possible solid content before gelation also decreases.
Latexes with particle size in the range of 100nm gel at about 65% solids.21,22 Waterborne urethane dispersion resins, on the other hand, have smaller particle size in the range
of about 25nm with a higher ratio of surface water as compared to latexes. So, as the
concentration is increased, the viscosity builds up faster than in case of latexes. The
maximum percent resin solids for water-reducible resins is lowered to about 45-50% at
which they gel. The CUPs gel at a lower concentration because they have the lowest
particle size compared to latexes and water-reducible resins. Hence, the maximum possible
resin solids is about 30%, after which it gels.
CUPs offer significant advantage in terms of its volatile organic content (VOC). In
case of the water reducible resins, the amount of solvent required to dilute the resin
increases with increasing molecular weight of the resin which gives a high VOC for high
molecular weight water reducible resins.23,24 But for CUPs, all the organic solvent is
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removed during the CUP formation process irrespective of the molecular weight of the
polymer.
Also, surfactants are needed for latexes but not for CUPs since CUPs are selfstabilized. CUPs are smaller than latex particles because of which they can have higher
CPVC compared to latex, thus potentially giving better hide at lower film thickness. When
used as the primary resin with melamine or aziridine crosslinkers, all of the functional
groups of CUPs are on the surface making it more readily available for crosslinking. But
in a latex, majority of functional groups lie on the inside of the latex particle making it
difficult for crosslinking reactions.

Particle size analysis
To show that the CUP particles were unimolecular, information from two
techniques was compared. The absolute molecular weight (Mn) from GPC was used to
calculate an average theoretical diameter of collapsed polymer chain and Dynamic Light
Scattering (DLS) was used to measure the experimental particle size of the CUP particles.
Table 6 shows the comparison of the theoretical and experimental particle size of CUPs.
There was good agreement between the experimental particle size of the CUPs and the
calculated particle size for all of the polymer samples except for polymers below 13K.
The CUPs based on polymer sample Poly-1 had a number average molecular
weight of 3.5K. There was considerable deviation in the experimental particle size as
measured using DLS compared to the theoretical particle size which indicated aggregation
of individual polymer chains during collapse.
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Table 6. Comparison of Theoretical and Experimental Particle Size of the CUPs
Particle size (nm)
Polymer synthesized

Theoretical

Experimental

Poly-1

2.1

4.6

Poly-2

2.3

4.4

Poly-3

2.9

3.2

Poly-4

3.4

3.3

Poly-5

3.6

3.6

Poly-6

3.9

3.9

Poly-7

5.8

5.8

Poly-8

6.2

5.9

Poly-9

7.4

7.8

Stockmayer, has shown that for random free radical copolymerization, the
monomers are distributed statistically along the polymer chain. The MMA-MAA
copolymers therefore had a statistical distribution of methacrylic acid monomers along the
polymer chain.14 Also, as the number average molecular weight of the polymer decreases,
the average number of acid-groups on an individual polymer chain from the methacrylic
acid monomer also decreases. For Poly-2 which had a number average molecular weight
of 4.5K, a slight amount of aggregation was noted but it was less than that for Poly-1. All
the polymers with molecular weight above 13K water-reduced to CUPs with the expected
particle size. The polymers were synthesized based on a 9:1 molar ratio of acrylate group:
acid group. So, statistically there was one unit of acid for every ten units in a polymer chain
or a molecular weight of 986 Da. For the Poly-1 sample, the average weight of polymer
chain was 3500 and hence it had about four carboxylic groups on an average.
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But the molecular weight was a normal distribution and some polymer chains had
a MW higher than the average and some polymer chains had a MW that was lower than
average. So, some polymer chains had less than four carboxylic acid groups while some
have more than four acid groups based on the molecular weight distribution and the random
incorporation of acid groups.
When the polymer chains collapsed, chains with different molecular weight
collapsed to give CUP particles with different particle size and a particle size distribution
for CUPs. Figure 6 to 14 represents the particle size distribution for the CUP particles for
the various polymers synthesized with molecular weight ranging from 3.5K to 153K.

Fig. 6: Particle size distribution of Poly-1 after filtering

The Poly-1 sample had a molecular weight distribution and MMA incorporation
that resulted in the number of hydrophilic (carboxylate) groups on the polymer chain to
vary from anywhere between zero to about five depending upon the molecular weight of
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polymer chains. The polymer chains which do not have any hydrophilic (carboxylate)
group will be highly unstable when exposed to water. So the chains precipitated out of the
solution which was evident in Figure 3. The CUP solutions were filtered using a 0.45
micron filter, to get a clear, transparent solution. The filtered clear CUP solution of poly-1
was analyzed for particle size.
The particle size distribution curve was shown Figure 6. No peaks were observed
for particle size near the theoretical value of about 2.1 nm. The particle size was in the
range of 3-10nm with an average value of 4.6 nm which indicated polymer aggregation. A
percent solids test was done on the CUP solution before and after filtering to determine the
percent of the polymer that aggregated and precipitated out of the solution. The percent
solids in CUP for Poly-1 before filtering was 19.5% and after filtering it dropped to 12.5%
which indicated that about 36% of the polymer chains were larger than 450nm.
In the case of polymeric micelles, the hydrophobic core is protected from the
aqueous environment by the hydrophilic corona and if the hydrophobic core is exposed to
water, the stability of micelle system is lost. The micelle loses its integrity and the polymer
precipitates out.25 In the CUP system, for the very low molecular weight polymer sample
Poly-1, with an average molecular weight of 3.5K, the hydrophilic groups were insufficient
to prevent the contact of water with the hydrophobic polymer backbone chain, which
caused precipitation of the polymer.
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Fig. 7: Particle size distribution of Poly-2

From Figure 7, which shows the particle size distribution of CUP solution for Poly2, the particle size was in the range of 3-9 nm. The average particle size was about 4.4 nm
which was higher than the calculated value of 2.3 nm. Though the DLS instrument was
capable of detecting particles as low as 0.8 nm, none were observed below 3 nm in the
particle size distribution curve for Poly-2 sample. The Poly-2 sample had a molecular
weight distribution with an average molecular weight of about 4.5K. Since the methacrylic
acid incorporation was statistical, some of the polymer chains would not have sufficient
acid groups to stabilize the particle. Unlike Poly-1, the Poly-2 chains did have a better
ability to form stable dispersions which were obviously multi-chain particles.
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Fig. 8: Particle size distribution of Poly-3

Figure 8 shows the particle size distribution for Poly-3 sample (MW = 8.5K). The
polymer chains had about eight carboxylate groups on an average with some chains having
more and some less. The distribution of particle size was broad with some aggregate
formation. The experimental particle size (3.2 nm) was therefore slightly greater than the
theoretical value (2.9 nm) which could be possibly due to the aggregation of polymer
chains on the lower end of molecular weight distribution or carboxylate content. It should
be noted that many of the chains did produce particles consistent with CUP formation.
CUPs based on samples Poly-2 and Poly-3, with average molecular weight of 4.5K
and 8.5K respectively had more hydrophilic groups than Poly-1 sample, but still not
sufficient to completely prevent contact of water with the hydrophobic backbone. The CUP
particles gain stability by aggregating and therefore, a higher particle size than the
theoretical value was observed. Figures 9, 10 and 11 show the particle size distribution
curve for CUPs prepared from Poly-4 (MW=13K), Poly-5 (MW=15K) and Poly-6
(MW=20K) respectively. The experimental particle size was in good agreement with the
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theoretical value. The particle size distributions were broad which was possibly due to a
small amount of polymer which collapsed to form particles with larger diameter. Size
distribution for Poly-6 indicated a bit of tail towards higher particle size which was mainly
due to multiple polymer chain incorporation into the particle during the collapse.

Fig. 9: Particle size distribution of Poly-4

Fig. 10: Particle size distribution of Poly-5
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Fig. 11: Particle size distribution of Poly-6

The particle size distribution of CUPs prepared from high molecular weight
polymers. Poly-7 (MW=72K), Poly-8 (MW=90K) and Poly-9 (MW=153K) were shown in
Figures 12, 13 and 14 respectively.

Fig. 12: Particle size distribution of Poly-7
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Fig. 13: Particle size distribution of Poly-8

Fig. 14: Particle size distribution of Poly-9

CONCLUSIONS

Colloidal unimolecular polymer particles were successfully synthesized from
random copolymers of MMA and MAA. Transition from random coil conformation to
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solid spherical particles occurred as the solvent environment was changed from a good
solvent to a poor solvent for the polymer backbone giving rise to true nano-scale polymer
particles with average particle size less than 10 nm. The particle size measurements using
DLS demonstrate that for copolymers with molecular weight below 13000, the
unimolecular collapse of polymer chains was not favored because of insufficient stability
from electrostatic repulsion and led to the aggregation of polymer chains at the collapse
The polymers with a molecular weight of 13000 and above form CUPs with stable
particle size which was consistent with the theoretical particle size. CUPs were formed
with stable particle size and uniform size distribution even for molecular weights as high
as 150k, but, at lower initial concentration. The size of individual polymer chains restricts
the range of viable polymer concentration during the collapse to form colloidal
unimolecular polymer particles.
Once the CUP solutions are prepared they can be further concentrated to about 2530% solids above which they reversibly gel. Unlike conventional water reducible resins,
CUP solutions contain no surfactant and are VOC free, except for the amine, making them
a very good candidate for future coatings applications, even as a lacquer. CUP solutions
have been shown to be stable for over three years.
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II. SYNTHESIS AND CHARACTERIZATION OF AN ACID CATALYST
FOR ACRYLIC-MELAMINE RESIN SYSTEMS BASED ON COLLOIDAL
UNIMOLECULAR POLYMER (CUP) PARTICLES OF MMA-AMPS
Ameya M. Natu and Michael R. Van De Mark1
Department of Chemistry, Coatings Institute, Missouri University of Science &
Technology, Rolla, MO 65409, USA
ABSTRACT
Colloidal unimolecular polymer particles (CUPs) based on poly(methyl
methacrylate-co-2-acrylamido-2-methylpropane sulfonic acid) were synthesized and
characterized and its potential for use as a blocked acid catalyst for curing of acrylicmelamine based resin systems was evaluated. CUPs were synthesized by the process of
water reduction of acrylic copolymers and had zero volatile organic content (VOC). The
curing performance of CUPs was evaluated by pencil hardness, micro-indentation hardness
and solvent resistance measurements. The sulfonic acid containing CUPs catalyzed the
curing of acrylic-melamine resin systems effectively and were found to provide final resin
properties comparable to the commercially used blocked acid catalysts. On a molar
equivalent basis, the amount of CUP catalyst required for the final cured film properties
was lower than the commercial blocked acid catalyst. NMR analysis confirmed that the
commercial acid catalyst leached out of the cured film when exposed to water for twentyfour hours while the CUP catalyzed coating did not.
Keywords
Unimolecular, acid catalyst, copolymers, water reduction, volatile organic content
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1. INTRODUCTION

There has been a growing interest in hydrophobic polymers bearing hydrophilic
groups which show self-organization behavior when placed in a poor solvent such as water.
This potential is mainly because of its biological significance and also because of its
applications in the field of coatings, polymers and drug delivery [1-6]. Numerous methods
have been reported for water-reduction of polymers to provide resins for the coatings
industry which have a low volatile organic content (VOC).
Moroshima et al., in his study of self-organization of copolymers, reported that
unimolecular micelles with diameter < 20 nm were formed because of hydrophobic
interactions (aggregation) when the copolymer was added to water [7]. Liu et al. have
reported that amphiphilic copolymers dispersed in water formed unimolecular micelles
with a core-shell structure; the hydrophobic part forming the core and hydrophilic groups
oriented in the aqueous phase forming the shell [8]. Selb and Gallot reported unimolecular
micelles prepared from graft copolymers of styrene and 4-vinyl-N-ethylpyridinium
bromide in methanol/water mixtures [9]. The unimolecular micelle systems are often
referred to as single chain nanoparticles.
In the present study, we report the synthesis of acrylic copolymers, which, by the
process of water reduction followed by solvent removal, gave colloidal unimolecular
polymer particles (CUPs). CUP solutions are a two-phase colloidal system composed of
solid spherical unimolecular polymer particles as the dispersed phase suspended in the
continuous aqueous phase. CUPs are typically prepared from polymers containing
hydrophilic groups such as carboxylic acid salts or sulfonic acid salts on a hydrophobic
polymer backbone [10].
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Polymers with molecular weights ranging from 13,000 to 130,000 have been
successfully water-reduced to form CUPs. Polymers with molecular weight lower than
13000 may form CUPs but they have some aggregation due to an insufficient number of
stabilizing groups [11]. This research paper explores the synthesis and characterization of
CUPs based on copolymers of methyl methacrylate (MMA) and 2-acrylamido-2methylpropane sulfonic acid (AMPS) monomers and the potential use of the sulfonate
based CUPs as an acid catalyst for curing of acrylic-melamine resin systems.
Acrylic resins crosslinked with amino resins are widely used OEM as (original
equipment manufacturer) coatings. The acrylic-melamine systems offer excellent chemical
and weathering resistance together with good adhesion and color retention. Because of the
excellent performance in outdoor exposure acrylic-melamine systems are also widely used
in automobile finishes. Acid catalysts are often required for curing of the acrylic-melamine
resin systems. Hydroxyl groups and carboxylic acid groups on the acrylic resin react with
the amino resin by means of etherification, esterification and amidation reactions [12]. The
reactions are promoted by the addition of an acid catalyst. Para-toluene sulfonic acid (pTSA) based catalyst systems have been widely used for curing the acrylic-melamine resins
which reduce the curing temperature and the time required for complete cure [13]. The
amount of acid catalyst affects many properties of the coating film including mechanical,
weathering and optical properties.
A major drawback of the strong acid catalysts is that they can initiate crosslinking
even at room temperature causing storage problems. This means that the catalyst cannot be
added to the coating formulation and then stored for future use. Also, the formulations need
to be applied immediately after the addition of acid catalyst to prevent crosslinking during
storage. To prevent in-can reactions, blocked catalysts, which are usually the tertiary amine
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or ammonium salts of the acid are employed [14]. There have been continuous
developments in the catalysts used for ambient temperature cure, catalytic activity, lower
volatile organic content (VOC), gloss improvement and influence on mechanical properties
of the final cured coating [15].
Catalyst systems based on Colloidal Unimolecular Polymer particles (CUPs)
provide a new class of polymer catalysts for curing of resins with many advantages over
curing systems currently employed. CUPs are true nano-scale polymers with particle
diameter in the range of 3-9 nm which provides a high surface availability. CUPs do not
contain any coalescent aid, freeze-thaw agent or a surfactant and have a zero volatile
organic content (VOC). The process of making CUPs is very simple and materials required
are commonly available which make the CUPs very cost effective [16]. CUPs with active
sulfonic-acid groups on the surface could be effective in catalyzing the curing of acrylicmelamine resin systems. The CUP catalyst could also get incorporated in the acrylicmelamine resin via the trans-esterification reaction with the melamine component and then
become immobile and not leach to the surface [17, 18], as shown in Figure 1. Incorporation
of the acid catalyst could be beneficial from the point of view of mechanical properties as
well as non-leaching from the crosslinked coating film. Both are beneficial to the overall
performance of the coating. This is a significant advantage over the commercial acid
catalyst which does not get incorporated into the film.
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Figure 1. Incorporation of CUP catalyst in the acrylic-melamine resin via transesterification

The efficacy of the CUP catalyst in crosslinking of the acrylic-melamine resin
system was evaluated and compared with the performance of commercially used blocked
para-toluene sulfonic acid catalyst. Three resin systems were evaluated with the new CUP
catalyst: a conventional hydroxyl functional acrylic latex (Joncryl 540) (denoted as OHlatex); a conventional carboxyl functional acrylic latex (Neocryl A6037) (denoted as
CO2H-latex); and a carboxyl functional CUP (denoted as CO2H-CUP) prepared from a
polymer based on ethyl-methacrylate (EMA), n-butylmethacrylate (n-BMA) and
methacrylic acid (MAA). All three acrylic resins were crosslinked with a melamine resin
crosslinker (Cymel 373). The acid value, particle diameter, molecular weight (Mn) and
glass transition temperature (Tg) of the acrylic resins and the CUP catalyst were listed in
Table 1.
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Table 1. Important physical properties of the acrylic resins
Resin Characteristics

CO2H-latex

CO2H-CUP

OH-latex

CUP-catalyst

Acid valuea

52

49

-

48.1

Particle diameterb (nm)

95

4.5

75.3

5.9

Mn

65,000

50,000

78,000

80,000

Measured Tg (0C)c

44

75

40

123

a) mg of KOH/ g polymer, b) average diameter measured by DLS, c) mid-point of Tg
transition range.

2. MATERIALS AND METHODS

2-Acrylamido-2-methylpropane sulfonic acid (AMPS) was supplied by Lubrizol
and used as received. Methyl methacrylate (MMA), 2,2′-azobis(2-methylpropionitrile)
(AIBN), and n-butanethiol were obtained from Aldrich. Inhibitors from the monomer
MMA were removed by washing with 10% aqueous solution of sodium bicarbonate
(NaHCO3), distilled water and brine solution respectively, then dried over anhydrous
magnesium sulfate and further purified by distillation. AIBN was re-crystallized from
methanol prior to use. Absolute anhydrous ethanol was obtained from PHARMCOAAPER and used as supplied. The hydroxyl functional acrylic latex (Joncryl 540) was
obtained from BASF. The carboxyl functional acrylic latex (Neocryl A 6037) was obtained
from DSM. The melamine-formaldehyde resin (Cymel 373) was supplied by Cytec
Industries. The commercial blocked acid catalyst (NACURE 2547) was obtained from
King Industries.
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2.1. Characterization of Commercial Acrylic Resins
As the molecular weight of the OH-latex and CO2H-latex was proprietary
information, evaluation of the absolute molecular weight was done by using a gel
permeation chromatograph by Viscotek model 305 manufactured by Malvern Corp. Flow
rate of THF was 0.5ml/min, and the injection volume was 100μl. The GPC was equipped
with refractive index detector, low and right angle light scattering detector and intrinsic
viscosity detector, thus yielding absolute molecular weight.
The sample preparation for both latexes was done in the following manner: the latex
was first dried in vacuum and then dissolved in THF. The polymer was then precipitated
in cold water under shear and then completely dried in-vacuo. The dry polymer was redissolved in THF and re-precipitated in cold water under shear. The process ensured that
most of the water-soluble additives used in the synthesis of the latexes such as thickeners
and surfactants which could give erroneous polymer molecular weight were removed. The
double-precipitated dry polymer was then used for molecular weight determination using
GPC and the results were listed in Table 1.

2.2. Synthesis of Random Copolymer of MMA and AMPS
Copolymer of MMA and AMPS was prepared in a 3-neck flask equipped with a
thermometer, a nitrogen inlet and a condenser fitted with a bubble tower. MMA
(0.81moles, 81.3 gram) and AMPS (0.09 moles, 18.7 gram) monomers were charged into
the flask in a molar ratio of 9:1 along with the solvent absolute ethanol (250 gram) and nbutanethiol (0.0012 moles, 0.11 gram) as a chain transfer agent. AIBN (0.00073 moles,
0.12 gram) was used as the free radical initiator and the polymerization reaction was carried
out under refluxing conditions for 24 hrs. The polymer solution was then cooled to room
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temperature and precipitated in cold de-ionized water under high shear and then filtered,
which removed the unreacted AMPS monomer as it was water-soluble. The traces of unreacted MMA and ethanol were removed in-vacuum. The polymer was further dried using
a freeze-drier (Yield=71%).

2.3. Water-Reduction of MMA-AMPS Based Copolymer To Form CUPs
Ten grams of the purified and dry acrylic copolymer was dissolved in ninety grams
of methanol, a low boiling and water miscible solvent, to make a 10% w/w solution and
was stirred overnight for complete dissolution of the polymer chains. Aqueous ammonium
hydroxide solution (28% w/w) was added to neutralize all the acid groups based on the
acid number of the copolymer. Then 190 g of deionized water modified to a pH of 8~9
using 28% aqueous NH4OH solution was added to the polymer solution by a peristaltic
pump at a rate of 1.24g/minute. The pH of solution was maintained at 8-9 throughout the
process of water reduction. Methanol was stripped off under vacuum to give an aqueous
5.0% w/w CUP solution of poly (MMA-co-AMPS) with zero VOC. The CUP solutions
were then filtered through 0.45μm Millipore membrane to remove any impurities. Further
water removal to over 25% solids can be accomplished before a semi-solid gel state is
formed. The gel can be simply diluted and reforms a fluid system.

2.4. CO2H-CUP Synthesis
The CO2H-CUP was based on a polymer of EMA-BMA-MAA. The resin synthesis
and water-reduction process for EMA-BMA-MAA polymers has been discussed elsewhere
[19]. CUPs were prepared by water-reduction in a manner similar to the CUPs based on
MMA-AMPS.
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2.5. Characterization of Synthesized MMA-AMPS Copolymer
Acid number (AN) (reported in mg of KOH per gram of polymer) for the sulfonic
acid copolymer was measured by the titration method found in ASTM D 974; modified by
using potassium hydrogen phthalate (KHP) in place of hydrochloric acid and
phenolphthalein in place of methyl orange. The density of AMPS polymer was measured
using Micromeritics AccuPyc II 1340, a gas displacement pycnometer. A weighed amount
of sample was introduced in the sample chamber. Equilibrium flow rate of helium gas was
0.005 pounds per square inch gauge (psig)/min and temperature maintained at 22.78±0.04
0

C. Fifty readings were made for the polymer sample and the results were reported by its

average and standard deviation.

2.6. Characterization of CUPs
The viscosity of CUP solutions were measured using a Brookfield Programmable
Rheometer (Model DV-III) at two different temperatures. One milliliter of CUP solution
was transferred to the well of the Brookfield LV DVIII by Eppendorf pipet. The well’s
temperature was controlled by a circulating constant temperature water bath. Shearing
viscosities of CUP at varying shear rates were measured. The shear rates were programmed
to increase at a set speed and the viscosities were recorded at each speed after one minute
of continuous shearing. Particle size and the size distribution of CUPs was measured using
a dynamic light scattering (DLS) method by a particle size analyzer from Microtrac (model
Nanotrac 250). The DLS instrument was equipped with a laser diode of 780 nm, at a
measuring angle of 180°. For measuring the particle size of CUPs, the viscosity of CUPs
at two different temperatures was measured and utilized instead of the viscosity of solvent
water.
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Thermogravimetric analysis (TGA) was performed on a TA Instruments model HiRes-TGA Q50 analyzer. The thermal stability of the MMA-AMPS based CUP was
determined under nitrogen by measuring weight loss while heating at a rate of 10 °C min 1

. Glass transition temperature was determined by Modulated Differential Scanning

Calorimetry (MDSC) conducted under nitrogen with a TA Instruments Differential
Scanning Calorimeter Model Q2000 at a heating rate of 10 °C min−1 in the modulated T4P
mode, using 40 seconds as the modulation period and 0.318 °C as the modulation
amplitude. The rate of heating and cooling can affect the measured glass transition
temperature and therefore the standard heating rate as reported in literature was utilized for
the present measurements.

2.7. Coating Formulations and Testing
The MMA-AMPS based CUP dispersion was evaluated as a blocked acid catalyst
for curing of three different types of resin systems; OH-latex, CO2H-latex and CO2H-CUP.
Melamine resin was used as the crosslinker. Formulations for the OH-latex, CO2H-latex
and CO2H-CUP are shown in Table 2, 3 and 4 respectively. Three formulations were
prepared for OH-latex system: Standard: OH-latex crosslinked with melamine resin system
without any acid catalyst. System 1: OH-latex crosslinked with a melamine crosslinker in
presence of MMA-AMPS CUP as the blocked acid catalyst. System 2: OH-latex
crosslinked with melamine in presence of the commercially available blocked-p-TSA as
the curing catalyst.
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Table 2. Formulations for OH-latex cured with melamine
Formulation

Acrylica : melamineb (wt./wt. solids)

% Catalyst c

Standard

75:25

0

System 1

75:25

0.5d

System 2

75:25

0.5e

a- 45% solids by weight, b-85% solids by weight, c - based on resin solids by wt., d CUP catalyst (5% wt./wt.), e- commercial catalyst (25% wt./wt.)

Similarly, four formulations were prepared for CO2H-latex labeled as A, B, C and
D and four formulations for CO2H-CUP labeled as E, F, G and H, to determine the effect
of particle size of a latex and a CUP resin on the final cured film properties.

Table 3. Formulations for CO2H-latex cured with melamine
Melamine (%
Formulation

a

Acrylic (% wt.)

Catalyst type

% Catalyst b

wt.)
A

100

-

-

0

B

75

25

-

0

C

75

25

Commercial

0.5

D

75

25

CUP

0.5

a - 49% solids by wt., b - based on resin solids by weight, A - CO2H-latex, B - CO2H-latex
+ melamine, C-CO2H-latex + melamine + blocked p-TSA, D - CO2H-latex + melamine +
CUP catalyst.
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Table 4. Formulations for CO2H-CUP cured with melamine
Formulation

Acrylic (% wt.)

Melamine (% wt.)

Catalyst type

% Catalyst a

E

100

0

-

0

F

75

25

-

0

G

75

25

Commercial

0.5

H

75

25

CUP catalyst

0.5

a - based on resin solids by weight, E- CO2H-CUP, F- CO2H-CUP + melamine, G- CO2HCUP + melamine+ blocked p-TSA, H- CO2H-CUP + melamine+ CUP catalyst

The acrylic resin (hydroxyl or carboxyl functional), the melamine resin and the
blocked acid catalyst were mixed. The films were cast on aluminum panels A-36 mill finish
from Q-panel, using a standard number 30 wire drawdown bar and placed in the oven after
10 min of flash off time. The panels were then cured at 150 0C. The curing time was varied
from 10 min to 30 min to observe the effectiveness of acid catalysts. The curing of acrylicmelamine resin system was evaluated by measuring the pencil hardness on the coated
aluminum panels according to the method found in ASTM D3363. The hardness of coating
films can be evaluated by various methods such as Knoop hardness, Pencil hardness, Taber
abrasion, Tukon hardness [20]. Pencil hardness test was chosen because of its easy
interpretation, convenience and wide usage in the paint industry. Pencils of varying
hardness in the range of 6B-6H were tested and an average of three readings was reported.
A quantitative evaluation of hardness was performed using a micro indentation technique
Fisherscope HM2000 S instrument. The micro-indenter had a Vickers diamond indenter.
The indenter had a pyramid shape with a square base (vertex angle equal to 136 o). Two
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types of testing methods were performed using the microindenter. In the first method,
called the Standard method (SM), load was applied incrementally up to a maximum of 9
mN over a period of 20 seconds and followed by the unloading cycle. The maximum load
was determined experimentally as the load above which the substrate starts interfering with
the hardness measurement. The creep time after loading and after unloading cycles was
chosen as 30 seconds which is the maximum. A typical load-depth curve for the standard
method is shown in Figure 2.
In the second method, known as Enhanced Stiffness Procedure (ESP), each load
increment was followed by creep time, unloading and creep time, and then the next cycle
followed, till the maximum load of 9 mN was reached. The instrument had a load resolution
of ±40 nN and a distance resolution of 0.1 nm. A typical load-depth curve for ESP method
is shown in Figure 3. The Standard method gives hardness at the maximum load while ESP
method gives hardness value at each incremental load thus giving a depth profile of
hardness of the coating.
In both the methods, force and depth were measured and recorded continuously,
both during loading and unloading cycle. The instrument automatically calculates hardness
(H) defined as applied normal force (F) divided by projected area (A) on the original
surface at a given point in the experiment using the Oliver-Pharr method from the resultant
load vs indentation depth curve (loading/unloading cycles). The average of five
measurements was reported. The instrument was calibrated using an acrylic plate to ensure
that the results were within the normal range of reproducibility [21].

𝐻=

𝐹
𝐴

(1)
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MEK double rub test was performed on coated aluminum panels which provides a
measure of the solvent resistance of a coating and an estimate of the crosslink density. A
lint-free cloth was employed and the test was carried out as per ASTM method D-4752.
The average of two readings was reported. Gloss was measured on aluminum panels by a
Byk-Gardener micro-gloss meter and the average of five readings with standard deviation
less than one were recorded.

Figure 2. Load-depth curve using standard method for indentation of System 1

Figure 3. Load-depth curve using ESP method for indentation testing of System 1
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3. RESULTS AND DISCUSSION

The free radical polymerization of MMA and AMPS gave a random copolymer
with a yield of 71%. The reactivity ratio of the two monomers reported in the literature
indicated that the copolymerization was approximately random in nature. The density of
the dry polymer (CUP-catalyst) was measured to be 1.2396 g/cc. The experimental value
of acid number was 48.1 (mg KOH/g of polymer). The acid number was slightly greater
than the theoretical value of 46.8 (mg KOH/g polymer) which can be explained by the loss
of some of MMA monomer through evaporation while purging with nitrogen during the
polymerization. The density of the dry OH-latex, CO2H-latex and melamine resin was
1.0958, 1.1195 and 1.3206 g/cc, respectively.

3.1. Process of Water-reduction
Figure 4 shows the water-reduction process of MMA-AMPS copolymer which
leads to the formation of CUP particles with sulfonate groups on the surface. The
copolymer with hydrophobic polymer backbone (MMA: 9 parts) and the sulfonic acid sidechain (AMPS: 1 part) when dissolved in MeOH exists as an extended random coil. When
base i.e. ammonium hydroxide was added to the solution, the sulfonic acid groups on the
polymer chain formed SO3- and NH4+ ions. Bases like NaOH and KOH were not used for
neutralization as they do not leave the film during drying and remain as a salt and the CUP
particles would not act as acid catalyst.
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Figure 4. Process of formation of CUPs from copoly(MMA-AMPS)

Ammonia serves the dual purpose of stabilization of CUP particles through ionic
repulsion and acting as a blocking group for the acid catalyst. The ion pairs are almost
completely solvated in methanol. When pH-modified water (pH = 8-9) was added using
peristaltic pump, there could be a slight increase in the solvation since water has a dielectric
of 78.54 [22] while methanol has a dielectric of 35.74 at 25°C [23]. Negatively charged
sulfonate groups repel each other due to the increasing dielectric caused by the added water
and the polymer chain becomes more rod-like causing an increase in the viscosity.
With continuous addition of water, at a certain critical point, the amphiphilic
polymer chains collapse. The sulfonate groups being hydrophilic orient into the water
phase, organizing to produce maximum separation of charge and the hydrophobic polymer
chain collapsed to form the interior of the spheroidal CUP particle. In the last step,
methanol was stripped off in-vacuo to give zero VOC CUP particles, free of solvent,
ammonia and water being the only volatile components. The solvent that was stripped off
could be recycled, thus providing an environment friendly resin system.
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The unimolecular collapse was also dependent on the concentration of amphiphilic
polymer in MeOH and MeOH/water mixture. At a higher concentration, the polymer
chains overlap and if overlapped polymer chains come in contact with each other at the
critical point, non-unimolecular collapse occurs forming larger particle size or coagulum.
The process of water reduction is analogous to the process of micelle formation. As
water was added to the polymer solution in MeOH, the solvent organizes around the
hydrophobic units of MMA in the polymer chain. Entropy drives the collapse of polymer
chains into CUP particles by the release of the organized water to the bulk even though the
polymer chains and charges must become more organized. The collapsed CUP particles
approximate a sphere due to the sulfonate group’s repulsive nature to each other. The CUP
particles are small enough so that the Brownian motion keeps the particles suspended and
thermodynamically stable unlike the larger latex particles which settle with time.

3.2. Rheological Behavior
The rheological behavior of a 5% CUP based on poly(MMA-co-AMPS) was shown
in Figure 5 as a plot of shear stress against shear rate at 250 C and 290 C. The CUP solution
is a colloidal suspension with charged polymer particles as the dispersed phase in the
continuous aqueous phase. In an earlier report, it was shown that the primary and tertiary
electroviscous effects dominated the rheology behavior of carboxylate functional CUPs
[24]. The rheological behavior of the CUP solution is a function of the concentration of the
polymer particles in the solution according to the electrokinetic theory of viscosity of
charged colloids [25]. At higher concentration, the electroviscous effects cause deviation
of the colloidal solution from Newtonian behavior, but at fairly dilute concentrations (<
10% wt/wt), the CUP solutions have been known to exhibit Newtonian behavior [26].
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In the present case, the viscosity measurements were done at a fairly low
concentration of 5.0% of polymer particles wt/wt. At both the temperatures, the shear stress
on CUP solution increased linearly with increasing shear rate and the yield stress was zero
which indicated that the CUPs behave as a Newtonian fluid at a concentration of 5.0%
wt/wt. The viscosity values were further used for particle size analysis of CUPs.

Figure 5. Shear stress against shear rate for CUP catalyst solution at 5% solids at 1)
250 C and 2) 290 C

3.3. Role of Solvent and Divalent Cations
Methanol was selected as the primary good solvent due to its excellent solubility
towards the MMA-AMPS copolymer, its miscibility with water and a low boiling point
allowing it to be easily stripped off without loss of significant amounts of water. The purity
of water required for water-reduction was also evaluated with respect to presence of
polyvalent cations such as calcium.
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For CUPs based on MMA-MAA polymer, it was observed that the presence of
divalent cations such as calcium or magnesium in the water caused precipitation of polymer
during or after the water-reduction process [27]. The calcium or magnesium ions bind to
the carboxylic acid groups of MAA on the CUP particles forming insoluble salts which
cause the polymer to precipitate. However, the sulfonate groups are bound weakly to the
divalent ions and remain soluble [28, 29].
McCormick et al., based on potentiometric titrations, have indicated that the large
dissociation constant for sulfonate as compared to carboxylate in presence of divalent ions,
was responsible for the stability of sulfonate polymers [30]. Sabbagh et al. demonstrated
that for sulfonate polymers, precipitation occurs only for counterions with a valency of
three or more, while carboxylate polymers precipitate in presence of any multivalent
counterion [31].
The hypothesis that the presence of low levels of the divalent cations in the water
used for reduction should not hinder the formation of CUP particles based on sulfonic acid
containing polymers was evaluated by carrying out the water reduction of MMA-AMPS
copolymers with water containing 50 ppm of dissolved calcium chloride. No visible
haziness was observed and the copolymer water-reduced without any precipitation or
coagulation. The particle size was measured by DLS and it was found to be 5.9 nm which
was the same as for the CUPs water-reduced in absence of the calcium salt. This indicated
that there was no aggregation due to calcium ions.
Figure 6 shows a comparison of CO2H-functional and SO3H-functional CUP
solutions prepared by water-reduction of polymers in presence of 50 ppm of calcium.
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Figure 6. Water reduction in presence of 50 ppm calcium for 1) CO2H-copolymer 2)
SO3H-copolymer

3.4. Particle Size Analysis Using DLS
The CUP solution was filtered through a 0.45μm Millipore membrane before
performing the particle size analysis. The filtration process ensured removal of any foreign
material which was typically measured to be less than 0.05% by weight. Figure 7 and
Figure 8 show the particle size distribution for SO3H-functional CUPs prepared in water
with and without the added calcium salt respectively. CUPs are formed by the unimolecular
collapse of polymer chains and the particle diameter depends upon the molecular weight
of polymer and its density.
The polymer chains have a broad molecular weight distribution unless the polymer
is made by living free radical polymerization techniques which give a very narrow
molecular weight distribution. The molecular weight distribution leads to a particle size
distribution for the CUPs. DLS measurement of the CUP solution indicated an average
particle size of 5.9 nm. The theoretical and experimental particle size was in good
correlation.
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Figure 7. Particle size distribution of SO3H-CUPs in presence of 50 ppm of CaCl2

Figure 8. Particle size distribution of SO3H-CUPs of poly(MMA-co-AMPS) without
CaCl2

3.5. Thermogravimetric Analysis and Differential Scanning Calorimetry (DSC)
Thermogravimetric analysis (TGA) was performed on the three acrylic resins to
determine the thermal stability, and modulated DSC was used to determine the glass
transition temperature. Sample preparation involved drying the CUP catalyst, the OHlatex and the CO2H-latex in a drying pistol under vacuum to complete dryness. Figure 9
shows the TGA plot for the three acrylic resins. The small mass loss observed for OH-
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latex between 125-350 0C was possibly due to degradation via cis-elimination, producing
alkene and carboxylic acid as degradation products [32]. The onset temperature at which
10% mass loss occurred was above 250 0C for all the three resins and the CUP-catalyst.
Figure 10 shows the DSC thermograms for the CUP catalyst, the OH-latex, the
CO2H-latex and the CO2H-CUP. The DSC thermograms indicate a broad Tg around 123
0

C, 44 0C, 40 0C and 65 0C for the CUP catalyst, CO2H-latex, OH-latex and CO2H-CUP

respectively. The curing reaction needs to be carried out above the Tg because the polymer
chains become mobile above the glass transition temperature.
Vanderhoff et al. have indicated that during the final part of latex film formation,
interdiffusion of polymer chains occurs which provides the latex film with its mechanical
strength [33]. Hahn et al. have studied the interdiffusion process in detail and reported that
the diffusion of polymer particles decreased with increasing molecular weight of the
polymer and increased with increasing temperature [34]. Steward et al., in his work on
latex film formation demonstrated that smaller latex particles had faster film formation
compared to larger particles, which was attributed to the shorter distance required to
travel, for entanglement of polymer chains [35]. It was further reported that the diffusion
process was restricted below the Tg of the polymer [35].
Therefore, the CUP catalyst will be mobile and effective towards the crosslinking
reaction when the temperature of the reaction is maintained above its Tg but below the
temperature for onset of degradation.
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Figure 9. TGA thermograms of CUP catalyst, OH-latex, CO2H-latex and CO2HCUP

Figure 10. Modulated DSC thermogram of CUP catalyst, OH-latex, CO2H-latex and
CO2H-CUP

3.6. Effectiveness of CUP Catalyst In Curing OH-latex With Melamine Resin
The amount of crosslinking resin (melamine derivative) usually varies from 5% to
30% by weight of the total resin. The amount of acid catalyst used typically varies from
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0.25-1% by weight based on total resin solids for curing at normal curing temperature of
about 125 - 150 0C [36]. In the present study, the acrylic: melamine ratio was chosen as
75:25 by weight of resin solids and the amount of catalyst was 0.5% wt./ wt. on total resin
solids at a curing temperature of 150 oC. The catalyst amount was similar to the amount of
catalyst reported in the literature for acrylic latex-melamine resin systems which was
between 0.25-0.5% based on resin solids [37, 38].
The formation of crosslinks during the curing process is dependent upon the curing
temperature, the curing time, the mobility of the polymer chains and the availability of the
reactive groups. The pencil and the indentation hardness and the solvent resistance give an
indication of the crosslinking of the acrylic OH-latex-melamine resin systems. All the
acrylic-melamine resin systems gave clear, transparent films without any optical haze
which indicated that the two resin systems were compatible with each other and the acid
catalysts.
Pencil and indentation hardness gives a measure of the hardness of the coating.
Table 5 shows a comparison of pencil and indentation hardness values for the OH-latex
crosslinked with melamine resin at different cure times and also the gloss measurements at
60o measuring angle. The normal curing schedule for hydroxyl functional acrylic resins
cured with melamine crosslinker with a medium degree of methylation is 30 minutes at
150 oC in presence of an acid catalyst [39]. The addition of acid catalyst to the acrylicamine resin system improved the curing reaction of the resins which was evident by the
hardness values.
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Table 5. Hardness and gloss values at 60o for the OH-latex system at different cure times
(Curing Temperature: 150 oC)
Cure time

Gloss at 60o

Pencil / Indentation hardness (MPa)

(min)

Standard

System 1

System 2

Standard

System 1

System 2

10

B / 104.9

HB / 140.0

HB / 139.7

98.1

98.1

97.8

15

B / 107.5

F / 143.2

F / 145.8

97.7

97.8

97.0

20

B / 109.1

F / 147.6

F / 150.5

97.5

97.8

97.5

30

B / 110.7

F /149.4

H / 153.1

98.5

98.0

97.4

The standard resin system was placed in an oven at 50 oC and tested for hardness
value to establish a zero-point (hardness at zero or negligible crosslinking) for comparison.
The acrylic and melamine resin were dried in-vacuo and dissolved in THF. Films were then
casted on aluminum panels, placed in an oven at 50 oC until constant weight was reached
(~ 60 min) and then tested for hardness and MEK rubs. The pencil and indentation hardness
was 5B and 15.2 MPa respectively, while the MEK rubs was 1 which indicated zero
crosslinking. After curing at 150 oC for 30 min, the Standard system showed increased
hardness (110.7 MPa) due to moderate degree of crosslinking.
Two major types of reactions occur during the curing process. First is the
crosslinking reaction between hydroxyl functional groups of acrylic resin and the methylol
groups of melamine resin. Secondly, the melamine resins also undergo self-condensation
reaction via the methylol groups. Both the reactions are accelerated by the acid catalysts
[40, 41, 42]. The explanation proposed further helps to clarify the effect of these reactions
on the mechanical properties of the acrylic coating.
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The standard, without any catalyst, did not show any change in the pencil hardness
values while the indentation hardness increased slightly as the cure time was varied from
10 minutes to 30 minutes. With the addition of acid catalyst, the pencil hardness values
gradually increased from HB to H as the cure time increased from 10 min to 30 min for
System 1 and System 2. With acid catalyst, both systems 1 and 2 showed much harder
films than without catalyst. At 30 min curing time, the indentation hardness was
significantly higher for the catalyzed reaction, both commercial (153.1 MPa) and CUP
catalyst (149.4 MPa), which indicated crosslinking of acrylic resin with melamine resin.
The resin system which had the sulfonate-CUP catalyst and the one which had
commercial blocked acid catalyst, both gave similar pencil and indentation hardness values
which were significantly higher than that of the Standard. The increase in indentation
hardness values is consistent with the findings of Larché et al. [43] and Radičević et al.
[44], who reported that indentation hardness of acrylic-melamine resin systems increased
with increased crosslinking.
Crosslinking reduces the molecular mobility of polymer chains between the
crosslinked junctions and also increases the modulus of polymer network due to increased
covalent bonding. Hence, the number of possible conformations of the polymer is reduced
making the polymer more resistant to penetration [45]. The hardness values indicate that
the catalyst based on CUPs of poly(MMA-co-AMPS) effectively catalyzed the curing of
acrylic-melamine resins system.
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Figure 11. MEK double rubs as a function of cure time for OH-latex cured with
melamine resin at 150 0C

MEK double-rub test gives a measure of the extent of crosslinking of the films.
Figure 11 shows the effect of cure time on the MEK double rub tests for the three systems
at 150 oC. The MEK solvent resistance of the coatings increased for all the three systems
as the cure time was increased. An increase in the MEK double rubs for the standard
indicated that the crosslinking reactions or self-condensation reactions occur to a small
extent, but was significantly low compared to the MEK-rubs for the blocked acid catalyzed
resin systems. At 30 minutes of cure time, the MEK double rubs exceeded 200 for both the
commercial catalyst and the CUP catalyst based resin systems which indicated that both
were effective catalysts.
There are two factors at play in the case of the CUP catalyst viz. the diffusion of
the catalyst and the catalyst surface activity. Polymers, because of the high molecular
weight, have slow diffusion rates compared to small organic molecules [46]. Winnik et al.
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have shown that in simple linear polymers, D α M-2, where D is the diffusion coefficient
and M is the molecular weight [47]. The CUP catalyst, which was prepared from a
copolymer of MMA and AMPS, would diffuse slower than the commercial blocked
catalyst through the film. But at the same time, the CUP particles are nano-sized and all
the active groups i.e. sulfonate groups are present on the surface of CUP particles which
enhances the availability of CUPs towards the curing reaction. The commercial catalyst
on the other hand, was based on para-toluene sulfonic acid, a low molecular weight
compound which should diffuse rapidly. It should be noted that it is the proton that does
the catalysis and the sulfonate is the counter ion. The separation of charges in the media is
the critical factor limiting catalysis [48].
Figure 11 shows that initially, both the commercial and CUP catalyst have similar
MEK double rubs. The surface availability of polymer catalyst dominates the chemistry
and diffusion is still rapid enough for the CUP. At higher cure time, the diffusion effect
becomes more pronounced and the MEK double rubs for CUP catalyst system was lower
than the commercial catalyst system.
As seen in Figure 11, there was an onset time for the initiation of crosslinking
process and development of any appreciable film properties. The CUP catalyst used was
an ammonium hydroxide blocked acid catalyst. It takes time for the ammonia to volatilize
and form the active sulfonic acid groups on the surface of CUP particles. The commercial
acid catalyst was also a blocked catalyst and showed an onset time for crosslinking. The
loss of water and achieving the temperature needed was also an early component of the
delay.
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3.7. Efficiency of CUP Catalyst In Curing OH-latex With Melamine Resin
The efficiency of the CUP catalyst in curing of the acrylic-melamine resin system
was evaluated by comparing the number of molar equivalents of acid on CUP catalyst to
the number of mole equivalents of acid from the commercial blocked catalyst required to
provide similar mechanical properties to the final cured coating. The number of mole
equivalent of acid on the CUP catalyst was 4.16*10-6 per gram of resin solids. Similarly,
the number of mole equivalent of acid on the commercial blocked catalyst was 2.91*10-5
per gram of resin solids. Therefore the amount of commercial blocked-p-TSA catalyst used
was seven times more than the amount of CUP catalyst. The measurements performed in
this case were based on a weight by weight ratio which was chosen based on the values
reported in literature.
To give a direct comparison, OH-functional acrylic resin was crosslinked with
melamine resin using 1.04*10-5 number of mole equivalent of commercial acid catalyst, at
150 oC for 30 minutes and the pencil hardness and MEK double rubs were evaluated. The
resulting film had a pencil hardness of B and MEK double rubs value was 20. When the
same molar equivalents of CUP catalyst was used instead, the pencil hardness was H and
MEK double rubs value was 225. The difference in hardness and solvent resistance
indicated that the surface availability of the sulfonate groups on the CUP catalyst greatly
enhance the catalytic activity toward acrylic-melamine crosslinking reaction or at least
exhibited a high degree of efficacy which could be due to the sulfonic acid being in the
interstitial areas which has a higher dielectric allowing greater separation of proton and
sulfonate group.

72
3.8. Effectiveness of CUP Catalyst In Curing CO2H -latex and CO2H-CUP resin With
Melamine Resin
The effectiveness of MMA-AMPS based CUP catalyst was compared with that of
commercial blocked acid catalyst in enhancing the curing reactions of CO2H-latex and
CO2H-CUP with melamine resin systems. Figure 12 shows a model for the steps involved
in the crosslinking of acrylic-melamine resin. Stage I represents the acrylic-melamine resin
just applied to the panel. In Stage II, water evaporated and the acrylic particles come in
contact with melamine in between. Stage III represents diffusion of melamine in the latex
particle and the beginning of inter-diffusion of the latex particles after which crosslinking
occurs to give uniform crosslinked film as Stage IV.

Figure 12. A model for the stages involved in crosslinking of acrylic-melamine

If melamine diffusion is faster than the crosslinking reaction then stage III would
precede Stage IV which would give a uniform increase in hardness values because of
uniform crosslinking. If crosslinking reaction occurs faster than the diffusion of melamine,
then, the melamine resin would crosslink only with the surface groups of latex or CUP
particle, resulting in an initial increase in the hardness value and then levelling out. For

73
CO2H-CUPs (4.5 nm) with all the acid groups on the surface, diffusion of melamine into
the particle would not be a requirement.
The acrylic resin, the melamine resin and the blocked acid catalyst were mixed and
films casted on aluminum panels. The panels were cured at 150 0C for different cure times
viz. 10, 15, 20 and 30 minutes respectively. Four controls were prepared which included:
A) CO2H-latex B) CO2H-latex mixed with melamine crosslinker without acid catalyst, E)
CO2H-CUP and F) CO2H-CUP mixed with melamine crosslinker without catalyst. The
effectiveness of acid catalysts was evaluated by measuring the pencil and indentation
hardness and MEK double rub test as shown in Table 6.

Table 6. Pencil / Indentation hardness values for CO2H-latex and CO2H-CUP cured with
melamine resin
Pencil / Indentation (MPa) hardness values at different cure time
Resin system
10(min)

15(min)

20(min)

30(min)

A

3B / 75.73

3B / 77.36

3B / 80.7

2B / 81.3

B

2B / 94.05

2B / 97.47

B / 98.41

B / 102.24

C

2B / 98.09

2B / 99.97

B / 101.41

HB / 104.29

D

2B / 103.92

2B / 104.20

B / 105.38

HB / 106.32

E

3B / 97.66

2B / 98.09

B / 98.35

B / 100.87

F

2B / 104.57

B / 105.62

HB / 106.30

F / 111.89

G

HB / 123.78

F / 124.34

F / 125.38

H / 126.42

H

B / 125.55

HB / 126.75

F / 127.14

H / 128.81

A- CO2H-latex, B- CO2H-latex +melamine, C- CO2H-latex + melamine+ blocked p-TSA,
D- CO2H-latex +melamine+ CUP catalyst, E- CO2H-CUP, F- CO2H-CUP + melamine, GCO2H-CUP + melamine+ blocked p-TSA, H- CO2H-CUP + melamine+ CUP catalyst
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The zero-point i.e. hardness value at zero or negligible crosslinking for CO2H-latex
and CO2H-CUP was determined. The acrylic and melamine resin were dried in-vacuo and
dissolved in THF, films were casted on aluminum panel and placed in an oven at 50 0C
until constant weight was reached (~ 60 min). The pencil and indentation hardness for
CO2H-latex was 3B and 41.3 MPa and for CO2H-CUP it was 3B and 43.4 MPa
respectively. For both systems, the MEK rubs were 2 which indicated negligible
crosslinking. The CO2H-CUP had slightly higher hardness due to a higher Tg.
Measurements at 50 0C represent hardness of control systems i.e. acrylic-melamine
films that were still uncrosslinked for comparing with measurements made at 150 0C. As
shown in Table 6, when curing was carried out at 150 0C for 30 min, the CO2Hlatex+melamine and CO2H-CUP+melamine systems showed increased hardness of 102.24
(system B) and 111.89 MPa (system F) respectively, which was possibly due to some
crosslinking reaction catalyzed by the carboxylic acid on the acrylic resin. It should also
be noted that the melamine resin also plays the role of a reactive diluent or a plasticizer for
the acrylic resins [20].
Table 6 also indicated that the CO2H-latex without crosslinker had low pencil and
indentation hardness (system A). The addition of the melamine crosslinker (system B)
improved the hardness as the carboxyl groups of CO2H-latex reacted with the methoxy
groups on the melamine resin to give crosslinked films. The addition of the blocked acid
catalyst further improved the pencil hardness slightly (systems C and D). The pencil
hardness values obtained for the system with sulfonate-CUP catalyst were slightly better
than that of commercial blocked p-TSA catalyst indicating that sulfonate-CUP-catalyst
could be as effective as the commercial blocked p-TSA catalyst. The indentation hardness
values corroborate the observed behavior.
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The difference in the indentation hardness value of the un-catalyzed and catalyzed
system (both commercial catalyst and CUP-catalyst) at each cure time was similar for both
CO2H-latex and CO2H-CUP. For example: At 30 min. cure time, the difference in
indentation hardness of CO2H-latex systems ‘A’ & ‘D’ was 25 MPa and for CO2H-CUP
systems ‘E’ & ‘F’ it was 28 MPa. The similar change of hardness values indicated that
crosslinking between acid groups and melamine resin occurred after the melamine resin
diffused in to the acrylic resin particles which showed that the melamine resin was
compatible with the acrylic resins and its diffusion was rapid.
For identical curing temperature and curing time, the indentation hardness value of
all formulations based on CO2H -CUP resins was higher as compared to CO2H –latex
(system: E v/s A, F v/s B, G v/s C and H v/s D). The higher hardness was mainly attributed
to the higher Tg of the CO2H-CUP because, the higher the Tg, the harder the polymer [49].
The molecular weight of the resin could also have contributed slightly to the observed
hardness values. Typically, other properties being identical, the higher the molecular
weight of polymer below its Tg, the higher is its hardness [50]. Bas et al. also indicated that
smaller particle size of latex resin results in well integrated film and therefore, better
crosslinking and hardness properties [51].
The CO2H-latex had higher molecular weight (78,000) than CO2H-CUP (50,000)
but a very large particle size (95 nm) as compared to smaller particle size of the CUP resin
(4.5 nm) and the two effects possibly cancelled out. So, the CO2H-CUP resin gave higher
pencil and indentation hardness than CO2H-latex when crosslinked with melamine resin.
Though the acid groups on the acrylic resin act as a catalyst for the crosslinking reactions,
the addition of the commercial blocked acid catalysts as well as the CUP catalyst enhanced
the coating performance. The effect of the particle size of the acrylic resin and the addition
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of an external blocked acid catalyst on the mechanical properties of crosslinked coatings
was also corroborated by the MEK double rub tests.

Figure 13. MEK double rubs against cure time for CO2H-latex cured with melamine
resin

Figure 13 and Figure 14 show the MEK double rubs for the CO2H-latex and CO2HCUP cured with melamine, respectively. The solvent resistance of the acrylic latex
crosslinked with melamine resin was very low. The addition of blocked acid catalysts
increased the solvent resistance slightly as compared to the acrylic latex-melamine resin
with no catalyst. The solvent resistance of the CO2H-CUP cured with melamine was better
than that of the CO2H-latex -melamine resin system. A small value of the MEK double rub
test for the CO2H-latex -melamine resin system indicated that the acrylic latex did not
crosslink with the melamine to any significant extent.
The CO2H-CUP resin crosslinked with melamine gave excellent solvent resistance
which was a result of the better availability of the reactive groups on the surface of the
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CO2H -CUP resin as compared to CO2H -latex where only a fraction of the reactive groups
are on the surface. Also, CO2H-latex had a higher molecular weight (65,000), while CO2H
-CUP was based on a lower molecular weight of 49,000. For linear polymers, the (diffusion
coefficient) D α M-2 (molecular weight of polymer) [47] and hence, the diffusion was
possibly better in the case of CUPs as compared to latex resins which increased the
crosslink efficacy.
The solvent resistance improved with addition of commercial blocked acid catalysts
as well as the CUP catalyst based on MMA-AMPS copolymer. Compared to the CO2Hlatex, the OH-latex (Figure 11) showed much better solvent resistance and pencil and
indentation hardness when crosslinked with melamine resin. The result was in agreement
with a study reported by Teng et al., where the carboxylic acid groups acted as a barrier to
polymer chains due to electrostatic repulsion, thus limiting the extent of polymer chain
interdiffusion and lowering the mechanical properties [52].

Figure 14. MEK double rubs against cure time for CO2H-CUP cured with melamine
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Indentation using the ESP (Enhanced Stiffness Procedure) method was performed
to determine the depth profile of the hardness and the elastic modulus of the OH-latex,
CO2H-latex and CO2H-CUP resin systems. The depth profile for all the three resin systems
was similar and representative plots of elastic modulus and hardness for OH-latex system
are indicated in Figures 15 and 16 respectively.

Figure 15. Elastic modulus vs indentation depth for formulations based on OH-latex

Figure 16. Indentation Hardness vs indentation depth for formulations based on
OH-latex

79
ESP method shows that the hardness and elastic modulus increased with addition
of acid catalyst which indicated higher crosslinking [53- 55]. Elastic modulus and hardness
for the formulations of all three resin systems decreased with increasing contact depth. For
the coated aluminum test panel placed in the oven, the temperature is maximum at the
surface of the film and at the film-panel interface, since the panel is in contact with the
oven. For blocked commercial catalyst and the blocked CUP catalyst to become active, the
blocking agent ammonia, has to be removed from the film.
The loss of ammonia occurs from the film’s surface, therefore the catalyst at the
surface is activated first and the crosslinking chemistry starts at the surface. The diffusion
of reactants is reduced which slows down the removal of ammonia. At the film-panel
interface, though the temperature is high enough to volatilize the ammonia, the catalyst
remains inactive until the ammonia is diffused to the surface and removed. Hence, the
hardness and modulus are maximum at the surface and decrease with the indentation depth.
The low molecular weight, commercial acid catalyst based resin system displayed
slightly higher hardness value because it would have higher mobility than the high
molecular weight polymeric CUP catalyst. Even at maximum indentation depth, the
addition of acid catalyst (commercial or CUP catalyst) to acrylic-melamine system
considerably increased the hardness and modulus values as compared to non-catalyzed
systems which is due to the crosslinking of the acrylic-melamine resin system.

3.9. Leaching Experiment
It was hypothesized that the commercial blocked acid catalyst, being water-soluble,
would leach out in water from the cured acrylic-melamine film while the CUP catalyst
being water-insoluble and likely covalently linked would not. In order to evaluate the
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hypothesis, OH-latex acrylic-melamine films were coated on two aluminum foils and cured
at 150 0C for 30 min; one with commercial blocked p-TSA catalyst and the other with the
CUP catalyst. The two foils were put in Soxhlet extractors containing water and leached
for 24 hrs. All the solvent (water) was removed in-vacuo and the residue was characterized
using NMR. In case of commercial blocked acid catalyst, 0.0320 g leached out of 0.9172
g of polymer and for CUP catalyst system, 0.0214 g leached out of 0.9368 g of polymer
film.
Figure 17 shows the NMR spectra of the acrylic latex, melamine resin, commercial
p-TSA catalyst, CUP catalyst, residue of commercial acid catalyzed film and residue of
CUP catalyzed film. The commercial catalyst, OH-latex and melamine being proprietary
compounds, not all of the absorption peaks could be accurately identified.
For the commercial acid catalyst, peak at 2.4 ppm was assigned to -CH3 (methyl)
group and peaks at 7.2 ppm and 7.7 ppm were assigned to hydrogen atoms on the aromatic
ring. For the melamine resin, the peak at 2.1 ppm corresponded to methylol hydrogen, the
peak at 3.4 ppm corresponded to (-OCH3) methoxy group and the peak at 5.1 ppm
corresponded to (–CH2) methylene proton adjacent to nitrogen of melamine resin. The
peaks in the NMR spectrum of the residue of acrylic-melamine resin cured with the
commercial catalyst could be related to the NMR spectra of the acrylic latex, melamine
resin and commercial catalyst and corresponded to the water-soluble components (peaks
at 2.1 ppm, 2.4 ppm, 2.9 ppm, 7.2 ppm and 7.7 ppm). The two peaks at 7.2 ppm and 7.7
ppm were characteristic of p-TSA of the commercial acid catalyzed film and indicated that
the commercial acid catalyst leached out during the Soxhlet extraction process.
In the NMR spectra of the CUP catalyst, the peaks between 0.8 and 1.5 ppm were
assigned to (-CH3), (-CH2) and (-CH) groups on the MMA-AMPS copolymer backbone,
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the peak at 2.0 ppm was assigned to the methylene group closest to sulfonic acid and the
peak at 3.6 ppm was assigned to hydrogen on the (-OCH3) methoxy group. The peak at
2.1 ppm corresponded to the peak observed in melamine resin which was water-soluble.
Absence of any peak at 3.6 ppm in the NMR of residue from the CUP catalyzed film
indicated that the CUP catalyst was incorporated in the acrylic-melamine film possibly due
to some of the ester groups on the polymeric catalyst reacting with melamine resin and
hence did not leach out of the film.

Figure 17. NMR spectra of acrylic latex, melamine resin, blocked p-TSA, CUP
catalyst, residue of acrylic film cured with blocked p-TSA and residue of acrylic film
crosslinked with CUP catalyst
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4. CONCLUSIONS

Colloidal unimolecular polymer particles (CUPs) based on poly (MMA-co-AMPS)
were successfully prepared by the process of water-reduction and subsequent solvent
removal. Dynamic light scattering analysis confirmed the true-nano size of the CUPs with
a mean particle diameter of 5.9 nm. Unlike CUPs based on methacrylic acid monomer, the
CUPs based on sulfonic acid functional monomer are able to undergo water-reduction
process without any visible coagulum or polymer precipitation in the presence of 50 ppm
of calcium ions. The CUPs with sulfonate groups on the surface prove to be effective as
acid catalysts for curing of acrylic-melamine resin systems and promote the curing
reactions for both the hydroxyl functional as well as carboxyl functional acrylic resins with
melamine resin. DSC and TGA thermograms indicated that the curing temperature was
higher than the glass temperature for all the acrylic resins which improved the mobility and
the diffusion of polymer acid catalyst to the crosslinking site. CUP catalyst was more
efficient than the p-TSA blocked catalyst based on the actual mole equivalents required,
providing excellent properties to the final cured films. The CO2H -CUPs displayed better
film properties compared to CO2H –latex because of the smaller particle size which
resulted in better availability of reactive groups and better coalescence. Unlike
conventional water reducible resins, CUP solutions are free of surfactant and are zeroVOC, offering a potentially high performance technology option for future OEM coatings
applications.
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SYNTHESIS AND CHARACTERIZATION OF CATIONIC COLLOIDAL
UNIMOLECULAR POLYMER PARTICLES (CUPS)
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ABSTRACT
Due to the limitation of experimental techniques, the preparation of stable,
surfactant free cationic colloidal dispersions with true nano-scale particle diameter (3-9
nm) has been a major challenge. By using low concentration of the cationic functional
copolymers during water-reduction, it should be possible to achieve unimolecular collapse
of a polymer chain to a spherical particle with charged quaternary ammonium groups on
the surface providing stability via electrostatic repulsion. Water-reduction was carried out
at dilute polymer concentration in methanol (10% by weight) to obtain colloidal
unimolecular polymer particles (CUPs). The cationic CUP systems were evaluated for the
basic physical properties such as rheology and static and dynamic surface tension using a
capillary viscometer and maximum bubble pressure surface tensiometer, respectively. True
nano-scale (diameter 3-9 nm), zero-volatile organic content (VOC), spheroidal CUP
particles with cationic groups on the surface were obtained. The experimental viscosity,
which was influenced by the electroviscous effects arising from the surface charge and the
associated surface water layer, increased with the increasing concentration and molecular
weight (MW) of CUPs. The density of surface water was 1.6% greater than the bulk water
density which was possibly due to the structuring of water around charged quaternary
ammonium groups. The equilibrium surface tension values decreased linearly with
increasing concentration and surface charge density of CUP particles due to a greater
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reduction in surface energy. The rate of surface tension reduction decreased with increasing
molecular weight of the CUP due to diffusion effects.
Keywords
Cationic, colloidal, nanoparticle, water-reduction, rheology, surface tension,
surface-water.

1. INTRODUCTION

Cationic colloids have received considerable attention because of the applications
such as flocculants in mining, water-filtration, and sewage treatment, as antimicrobial
agents and in drug delivery systems [1-5]. Researchers have devoted their time and efforts
to study the physical and chemical properties of cationic polyelectrolytes because of the
potential to shed light on the fundamental properties of proteins, nucleic acids etc. [6]
However, most studies have focused on nanoparticle synthesis via self-aggregation
of well-defined amphiphilic block copolymers [7]. Synthesis of particles with true nanoscale size (<10 nm) has been a challenge due to the aggregation of the hydrophobic part of
multiple polymer chains [8]. Ramos et al. [9] reported an excellent review on aqueous
cationic polymer nanoparticles, but the particle size was greater than 25 nm due to
aggregation and it was difficult to determine the effect of surface water associated with the
charged particles due to presence of additives like emulsifiers, surfactants and rheology
modifiers in the system. Sun et al. [10] demonstrated that quaternary ammonium functional
oligomers in water self-assembled via hydrophobic aggregation to form spherical vesicles
with an average size of 50 nm and displayed surface activity. The present study describes
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a facile route to achieve stable, cationic aqueous polymer dispersions with controllable
particle size in the true nano-scale region (3-9 nm) and free of any additive, prepared via
water-reduction of amphiphilic acrylic random copolymers synthesized using simple free
radical polymerization technique.
By the process of water-reduction of anionic carboxylate-functional copolymers;
aqueous, surfactant free, nano-particle dispersions with negative charge on the spherical
particles have been developed and termed as Colloidal Unimolecular Polymer particles
(CUPs) [11, 12]. CUPs are formed as a result of hydrophobic/hydrophilic interactions of
the polymer with a change in solvent environment. The collapse of individual polymer
chains to form CUPs is driven by the polymer-polymer interactions being greater than
polymer-solvent interactions and entropically favored by the release of water on the surface
of polymer chain. Methacrylic acid based copolymers with molecular weight (MW) in the
range of 13,000 to 155,000 have been successfully reduced to form CUPs and polymers
with MW less than 13,000 gave some aggregation due to an insufficient number of
stabilizing groups [13].
The cationic copolymer used for CUP synthesis was composed of hydrophobic
methyl methacrylate and cationic [2-(methacryloyloxy)ethyl] trimethylammonium
chloride (QUAT) monomers. Figure 1 shows the structure of the two monomers utilized
for the copolymer synthesis. Figure 2 shows the process of CUP particle formation with
the hydrophilic quaternary ammonium groups on the surface of the CUP particle and the
hydrophobic groups forming the core of the spheroidal particle.
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Figure 1. Monomer structure

Figure 2. CUP formation process

The CUP suspension is an excellent model material to study the behavior of biomacromolecules like proteins and viruses. CUPs offer distinct advantages over typical
polyelectrolytes which includes thermodynamic stability, easy preparation and costeffectiveness. Because of the potential applications ranging from flocculants to drug
delivery, it is necessary to study and understand the important physical properties such as
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rheology and surface tension of CUPs. As CUP solutions are free of any additive, the
observed rheology behavior of CUPs can be directly correlated with the electroviscous
effects, the effective surface charges, the associated water fraction and the surface water
thickness.
In a previous report, the rheological behavior of carboxylate (CO2-) functional
CUPs in the dilute region (volume fraction < 0.10) was shown to be dominated by the
tertiary electroviscous effects [14]. The thickness of surface water layer was significant as
compared to the diameter of CUP particles [15]. In the present study, the rheology and
surface tension behavior of cationic quaternary ammonium functional CUPs in relation to
the anionic carboxylate functional CUPs and the effect of surface charge density and
concentration of CUP particles on its equilibrium and dynamic surface tension were
determined. The associated water fraction and the thickness of the surface water layer were
determined based on their relationship with the intrinsic viscosity of the system. The
intrinsic viscosity was further determined from the relation of relative viscosity with the
volume fraction.
Equilibrium surface tension measurement indicate the effectiveness of CUPs in
lowering the surface tension of air-water interface at equilibrium condition and is governed
by the thermodynamics of the CUP at the interface. Dynamic surface tension (DST) is
controlled by the diffusion / kinetics of CUP to the interface and is important because it
gives information on the rate of movement of CUP particles to the air-water interface
providing insights on the adsorption mechanism. DST gives better correlation to actual
applications because many processes such as spraying, printing, foaming or coating occur
under dynamic conditions [16].

91
2. THEORETICAL BASIS FOR RHEOLOGY BEHAVIOR

For a dilute suspension of non-charged spherical particles, the specific viscosity of
the suspension can be expressed by Einstein’s model [17], equation 1.
𝜂𝑠𝑝 = 2.5 ∗ 𝜙

(1)

Where, ηsp is the specific viscosity of suspension and ϕ is the volume fraction of particles
in the solution. For charged particles, the electroviscous effects must be considered.

2.1. Primary Electroviscous Effect
The primary electroviscous effect results from the distortion of a fluid stream near
charged spheres. The contribution of primary electroviscous effect to the suspension
rheology decreases with increasing concentration of the charged particles in the system
which is attributed to the effect of counter-ion condensation [18].

2.2. Secondary Electroviscous Effect
When the particle concentration is low, the primary electroviscous effect dominates
because very little to no secondary electroviscous effect is present. At some concentration,
depending on the solvent and surface charge of the particle, the electrical double layers will
feel each other, making the suspension structured, which leads to an increase in viscosity
and is known as the secondary electroviscous effect. The contribution of the secondary
electroviscous effect to the viscosity of the suspension is proportional to the square of the
volume fraction and is negligible until the interparticle distance approaches the effective
collision diameter of CUP particles [19].
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2.3. Tertiary Electroviscous Effect
Typically, the expansion or contraction of particles due to the change in
conformation, especially of polyelectrolytes, gives rise to the tertiary electroviscous effect
[20, 21]. For rigid spheres, the change of radius will be possibly due to adsorption of
surfactant or polyelectrolyte to its surface, or a structured water layer. For the CUP
suspension, which is free of surfactant and added electrolyte, the tertiary electroviscous
effect could only arise from a structured water layer on the surface of the particle.
Assuming that water forms homogeneous layer with thickness δ on the surface of the CUP
particle, the effective volume fraction Φeff can be calculated as equation 2.
𝛿

3

𝛷𝑒𝑓𝑓 = 𝜙 (1 + (𝑅 ))
𝑆

(2)

2.4. Determination of Intrinsic Viscosity of CUPs
The associated water layer on the surface of cationic CUPs can significantly
enhance the viscosity which would have implications on the use of cationic CUPs as
rheology modifiers. Therefore, it was important to determine the bound water fraction and
surface water thickness of the cationic CUPs. Oncley [22] has shown that the bound water
fraction and the thickness of water layer on the surface of protein could be determined from
the intrinsic viscosity of the suspension, and the same method was used for CUPs.
The intrinsic viscosity of uncharged polymer is typically determined by
extrapolating the reduced viscosity to infinite dilution. But there is no general method to
determine the intrinsic viscosity of polyelectrolyte solution without added electrolyte. In
many cases, the reduced viscosity of polyelectrolytes does not approach a set value when
the concentration is dilute. Many methods have been attempted to determine the value of
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intrinsic viscosity. One of them was derived from the relationship of the relative viscosity
(ηrel) with the volume fraction (ϕ) at dilute concentration and expressed as equation 3 [23].
ln(η𝑟𝑒𝑙 ) = [η]𝜙 ϕ

(3)

Where, [η]𝜙 is the intrinsic viscosity in terms of volume fraction.

3. MATERIALS AND METHODS

3.1. Materials
[2-(methacryloyloxy)ethyl]trimethylammonium

chloride

(QUAT),

methyl

methacrylate (MMA), 2,2′-azobis (2-methylpropionitrile) (AIBN), methanol and 1butanethiol were purchased from Aldrich. Absolute anhydrous ethanol was purchased
from PHARMCO-AAPER and used as supplied. Inhibitors in MMA were removed by
washing with 10% aqueous solution of sodium bicarbonate (NaHCO3), distilled water and
brine solution respectively, then dried over anhydrous magnesium sulfate and further
purified by distillation. QUAT was purified twice by precipitation into acetone. The
purified monomer was dried in a vacuum oven at 45 oC until a constant weight was obtained
and then stored in a desiccator at 5 oC. AIBN was re-crystallized from methanol prior to
use and n-butanethiol was used as received.

3.2. Polymer Synthesis and Characterization
Copolymers of MMA and QUAT were prepared in a 3-neck flask equipped with a
thermometer, a nitrogen inlet and a condenser fitted with a bubble tower to maintain a
positive pressure in the system. MMA (0.81 moles, 81.3 g) and QUAT (0.09 moles, 18.7
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g) monomers were charged into the flask in a molar ratio of 9:1 along with the solvent
absolute ethanol (250 gram) and n-butanethiol (amount determined by the target molecular
weight of the polymer) as the chain transfer agent. AIBN (0.00073 moles, 0.12 gram) was
used as the free radical initiator and the polymerization reaction was carried out under
refluxing conditions for 24 hrs. The polymerization process was similar to that reported in
the literature for MMA-QUAT solution copolymerization [24].
The polymer solution was then cooled to room temperature and precipitated in cold
de-ionized water under high shear and then filtered. For further purification, the polymer
was re-dissolved in ethanol and precipitated in cold deionized water under high shear to
remove the unreacted QUAT monomer as it was water-soluble. The traces of un-reacted
MMA and ethanol were removed in-vacuum. The polymers were thoroughly dried using a
freeze-drier. Polymers with different molecular weights were synthesized by controlling
the amount of chain transfer agent n-butanethiol (0.20, 0.14 and 0.10 g for poly-1, poly-2
and poly-3 respectively).
The 1H-NMR spectra was recorded on a 400 MHz Varian FT/NMR spectrometer.
The density of the dry polymer was measured by a gas displacement pycnometer:
Micromeritics AccuPycII 1340. Volume of sample can be calculated as equation 4.
P

Vs = Vc + Vr /(1 − P1 )
2

(4)

Where, Vs is the sample volume, Vc is the volume of the empty sample chamber, Vr is the
volume of the reference volume, P1 is the first pressure (i.e. in the sample chamber only)
and P2 is the second (lower) pressure after expansion of the gas into the combined volumes
of sample chamber and reference chamber. Equilibrium flow rate of Helium gas was
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0.005psig/min, temperature was controlled at 25.89±0.04 0C. Twenty five readings were
made for each sample, and the results were reported by its average and standard deviation.

3.3. Water-reduction
The purified and dry acrylic copolymers were dissolved in dry and distilled
methanol, a low boiling and water miscible solvent. The polymer was stirred overnight for
complete dissolution of polymer chains. Deionized water was then added to the polymer
solution by a peristaltic pump at a rate of about 1.24g/minute. Methanol was then stripped
off under vacuum to give CUPs in VOC free aqueous solution. The CUP solutions were
then filtered through 0.45μm Millipore membrane to remove any impurities. Water
reduction process-Poly-1 (MW=36K): 10 g of poly (MMA-co-QUAT) was dissolved in
90g of methanol to prepare a 10% w/w solution. Then 190 gram of deionized water was
added by means of a peristaltic pump. The methanol was then completely stripped off invacuum and the sample was further concentrated by stripping off water to give a 10% w/w
CUP solution of poly (MMA-co-QUAT) in water.

3.4. Particle Size and Distribution of CUPs
Particle size of CUPs was measured by a dynamic light scattering technique, using
the Microtrac Nanotrac 250. The DLS works on the principle of Brownian diffusion, where
the scattered light is Doppler shifted corresponding to the diffusion of suspended particles.
The viscosity of the solution was used instead of water to account for the change in
diffusion coefficient due to the viscosity increase caused by the charged groups on the
surface of CUP particles [12].
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3.5. Absolute Viscosity of CUPs
The CUP solutions were tested for shear rate dependency of the viscosity on a
Brookfield LV DVIII viscometer, using 1ml of sample for each run. After each run, the
CUP sample was diluted with Milli-Q ultrapure water to the next concentration. The
solutions were run from 10 to 1% and also at 0.5%.
The absolute viscosity of CUP suspension was measured using an Ubbelohde
capillary viscometer maintained at 25.0±0.1 0C using a constant temperature water bath.
The suspensions were equilibrated for 30 minutes. Evaporation and CO2 contamination
was avoided by covering the viscometer with a plastic wrap. A stop watch with 0.01 second
precision was used to monitor the elution time. The estimated standard error was within
0.5%. Absolute viscosity was calculated by equation 5.
𝜂 = 𝑡∗𝑑∗𝑐

(5)

Where, t, d, and c were elution time, density of solution and Ubbelohde viscometer constant
with units of second, g/ml and cP/second respectively. The relative viscosity of solution
was calculated as:
ηr=η/η0

(6)

Where, η0 is the viscosity of water (0.89 cP at 25 0C).

3.6. Surface Tension
The maximum bubble pressure method (MBPM) was used to measure the static
and dynamic surface tension of CUPs. As compared to Du Noṻy ring method [25] ,
oscillating jet method [26] and pendant drop method [27], the MBPM offers distinct
advantages such as: negligible effect of humidity, air turbulence, and contamination of
carbon dioxide and ease of operation and cleaning after testing. Sensadyne PC-500 LV was
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used to measure the surface tension of CUP suspensions. Suspensions were equilibrated in
a constant temperature water bath at 25±0.1 0C before measurement. An inert gas
(nitrogen) was bubbled through two probes of different radii immersed in the solution at
same level. A broad range of gas bubble rates were used for measuring the dynamic surface
tension. The maximum and minimum bubble rate were determined as the rate beyond
which the surface tension did not further increase or decrease. The bubbling of nitrogen
through the probes produced a differential pressure signal which was directly related to
surface tension. The tensiometer was calibrated with analytical reagent 100% ethanol and
Milli-Q ultrapure water for each polymer system. Flow rate of nitrogen gas was
40ml/minute and flow pressure was maintained at 25 psi.

4. RESULTS AND DISCUSSION

4.1. Characterization of Polymer and CUPs
Table 1 shows the density data along with the DLS particle size and the molecular
weight of the three copolymers. The densities of the dry CUP increased with increasing
molecular weight as expected, since the weight fraction of end groups decreased with
increasing molecular weight [28]. The particle size was measured using DLS nanotrac
based on the Brownian diffusion principle. The scattered light was Doppler shifted based
on the diffusion of particles. The molecular weight of the copolymers was calculated using
the relation typically used for globular proteins where the molecular weight is related to
the protein size and its density.

98
Table 1. % Yield, density, diameter and molecular weight of the three QUAT-CUPs
Sample ID

% Yield

𝜌𝑝 a

Particle diameter (nm)

MWb

Polymer 1

70

1.1715±0.0014

4.3

36,000

Polymer 2

79

1.1751±0.0012

5.6

55,000

Polymer 3

76

1.1866±0.0005

6.3

94,000

a-density of dry CUP (g/cc), b-𝑀𝑊 =

𝜋𝑑3 𝜌𝑝 𝑁𝐴
6

, 𝑁𝐴 = Avogadro’s

Number

The NMR spectra of all the three polymers were similar and a representative NMR
spectrum of 36K polymer is shown in Figure 3. The chemical shifts between 0.8-1.1 ppm
were assigned to the protons of –CH3 group on the MMA and QUAT backbone, 1.1-1.5
ppm was assigned to protons of –CH2 group of QUAT, 1.9 ppm was assigned to the –CH2
of MMA in the polymer backbone and 3.3-3.5 ppm were assigned to the protons of –
N+(CH3)3 group of the QUAT and the –OCH3 group of MMA. The observed chemical
shifts are consistent with the values reported in literature [10, 24].

Figure 3. NMR of polymer 1 (MW=36K)
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4.2. Water-reduction Process
Figure 2 shows the process of water-reduction to form CUP particles with
quaternary ammonium groups on the surface which prevents the particles from aggregating
through electrostatic repulsion. The polymer had a hydrophobic backbone of methyl
methacrylate and water-compatible quaternary ammonium groups in a molar ratio of 9:1.
When dissolved in methanol, the polymer chain exists as an extended random coil and the
ion pairs were almost completely solvated in methanol. On addition of deionized water
using peristaltic pump, there could be a slight increase in the solvation since water has a
dielectric of 78.54 [29] while methanol has a dielectric of 35.74 at 25 0C [30]. Positively
charged quaternary ammonium groups then repelled each other due to the increasing
dielectric caused by the added water and the polymer chain became more rod-like
increasing the viscosity of suspension.
At a certain critical point during the addition of water, the amphiphilic polymer
chains collapsed with the quaternary ammonium groups oriented into the water phase,
organizing to produce maximum separation of charge. The hydrophobic polymer backbone
formed the interior of the spheroidal CUP particle. In the last step, methanol was stripped
off in-vacuo to give zero-VOC CUP particles. The solvent that was stripped off could be
recycled, thus providing an environment friendly resin system. Further water removal up
to 20% solids can be achieved before a semi-solid gel state was formed. The formed gel
can be simply diluted again to return to a fluid system. This behavior is unlike typical latex
particles which gel up irreversibly.
The unimolecular collapse was also dependent on the concentration of the
amphiphilic polymer in methanol and methanol/water mixture. If the concentration was
high, the polymer chains overlap and if overlapped polymer chains come in contact with
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each other at the critical point, non-unimolecular collapse occurred forming larger particle
size or coagulum.
The process of water reduction is similar to the process of micelle formation. The
solvent organizes around the hydrophobic units of MMA in the polymer chain with the
addition of water to the polymer solution in methanol. The collapse of polymer chains into
CUP particles is favored by an increase in the entropy through the release of the organized
water to the bulk even though the polymer chains and the charges become more organized.
The collapsed CUP particles approximate a sphere due to the quaternary ammonium
group’s electrostatic repulsion. Brownian motion keeps the small CUP particles suspended
in water and thus they are thermodynamically stable unlike the larger latex particles which
settle with time.

4.3. Rheological Behavior
The rheological behavior of a 5% QUAT-CUP-55K is shown in Figure 4 as a plot
of shear stress against shear rate at two different temperatures of 25 0C and 29 0C. The CUP
solution is a colloidal suspension with charged polymer particles as the dispersed phase in
the continuous aqueous phase. At both the temperatures, the shear stress on the CUP
solution increased almost linearly with increasing shear rate and the yield stress was zero
which indicated that the CUPs behaved basically as a Newtonian fluid at a concentration
of 5.0% wt/wt. The viscosity values were further used for particle size analysis of CUPs
instead of the viscosity of the solvent to compensate for the change in diffusion of charged
particles.
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Figure 4. Plot of shear stress vs shear rate for QUAT-CUP-55K at 25 0C and 29 0C

4.4. Particle Size Analysis Using DLS
The CUP solution was filtered through a 0.45 μm Millipore membrane before
performing the particle size analysis which ensured removal of any foreign material which
was typically measured to be less than 0.05% by weight. Figure 5 shows the particle size
distribution graphs for the three QUAT-CUPs. CUPs are formed by the unimolecular
collapse of polymer chains and the particle diameter depends upon the molecular weight
of polymer and its density. The polymer chains have a broad molecular weight distribution
unless the polymer is made by living free radical polymerization techniques which give a
very narrow molecular weight distribution. The molecular weight distribution leads to a
particle size distribution for the CUPs.
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Figure 5. Particle size distribution graphs using DLS for the three QUAT-CUPs

4.5. Specific Viscosity Comparison
The specific viscosities of the CUP suspensions were measured at dilute
concentrations (ϕ < 0.10) and plotted against the volume fractions for the three copolymers
as shown in Figure 6. For comparison, the viscosity of carboxylate-functional (CO2-)-CUP
(M.W=36K) and the theoretical viscosity based on the Einstein’s model was also shown.
The specific viscosity was measured using a Ubbelohde capillary viscometer. The viscosity
increased with increasing volume fractions for all the CUP suspensions as explained
further.
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Figure 6. Plot of specific viscosity of the three quaternary ammonium functional and
one carboxylate functional [14] CUP solutions as a function of volume fraction

The experimental viscosity for all of the samples deviated from Einstein’s model
in the dilute regime (volume fraction < 0.10). The primary electroviscous effect typically
decreases with increasing concentration and the secondary electroviscous effect is
negligible in the dilute concentration regime. Therefore, the observed increase in viscosity
with concentration was attributed to the tertiary electroviscous effect arising from a higher
associated water fraction.
At each volume fraction, the QUAT-CUP-36K displayed a higher viscosity as
compared to CO2--CUP-36K possibly due to greater associated water fraction i.e. a higher
tertiary electroviscous effect. Novoselova et al. have indicated that the quaternary
ammonium functional hydrogels and polymers displayed higher water-absorption than the
carboxylate counterparts [31]. The associated water fraction and the thickness of surface
water layer of CUP particles was further calculated from the intrinsic viscosity of the three
CUP systems which was determined from the slope of ln (ηrel) versus volume fraction plots
as shown in Figure 7.
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Figure 7. Plot of ln (ηrel) versus volume fraction for quaternary ammonium
functional CUPs.

The associated water fraction, β, defined as the weight ratio of surface water to
CUP was calculated by using equation 7 [32], where, ρ1 is the density of water (0.997 g/cc)
and ρ2 is the density of CUP at 25 0C. Assuming that each particle is spherical and
surrounded by a uniform layer of water molecules with thickness δ, then δ can be expressed
as equation 8.
𝜌

[𝜂]

𝛽 = 𝜌1 (2.5 − 1)
2

𝛽𝜌

1

𝛿 = 𝑅𝑠 [( 𝜌 2 )3 − 1]
1

(7)
(8)

The [η]ϕ, β and 𝛿 values listed in Table 2 indicated that there was significant
amount of surface water on the CUP particles. The thickness of water layer increased with
increasing molecular weight of the copolymer which resulted in increased viscosity.
Assuming that all the quaternary ammonium groups on the CUP particle were dissociated,
the bare surface charge density for spherical CUP particles can be estimated by equation 9.
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𝑀𝑊 1

2

3

σ = ( 4π )3 ⋅ (ρN )−3 ⋅ m
A

e

(9)

MMA b+mQUAT

Where, ρ is the density of polymer, NA is Avogadro number, q is the elementary charge,
mMMA is the molecular weight of methyl methacrylate, mQUAT is the molecular weight of
quaternary ammonium functional monomer and b is the molar ratio of MMA to QUAT.

Table 2. Intrinsic viscosity, associated water fraction and surface water thickness for the
three QUAT-CUPs
Polymer

[η]ϕ

βa

δ (nm)

QUAT-CUP-36K

15.8

4.5

1.6

QUAT-CUP-55K

17.2

5.0

2.3

QUAT-CUP-94K

20.0

5.9

2.9

a- associated water fraction (gram water / gram CUP)

The density of polymer and the molar ratio were similar for the three polymers from
Table 1 and therefore the surface charge density was roughly linear with the cube root of
molecular weight of the polymer. The radius of particle can be expressed as 𝑅𝑠 =
3∗MW

(4πρN )1/3 which indicated that the radius of particle was also proportional to its molecular
A

weight. The bare surface charge density was proportional to particle size. The bigger the
particle was, the higher the surface charge density would be, which corresponded to more
quaternary ammonium groups at the surface per unit area. Therefore more counterions, and
more associated water molecules will be attracted to the CUP surface to dissipate the
charges and forming a thicker surface water layer.
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The increase in viscosity with molecular weight could also be partly due to the
hydrodynamic effects. The higher the molecular weight of the polymer, the larger the
hydrodynamic volume and higher the viscosity of system. But, for spherical charged
colloid particles, Rattanakawin et al. [33] have demonstrated that the hydrodynamic effects
are negligible as compared to the electroviscous effect.
Chen et al. had indicated that the bound water fraction and the surface water
thickness for CO2--CUP-36K was 2.4 (g water/g CUP) and 1.0 nm respectively [14]. As
seen in Table 2, QUAT-CUP-36K had higher bound water fraction (4.5 g water/g CUP)
and surface water thickness (1.6 nm). The contribution of the chloride counter-ion of
QUAT-CUPs and sodium counter-ion of CO2--CUPs to the corresponding experimental
viscosity would be similar because both ions have similar number of associated water
molecules (≤6) in the first hydration shell [34, 35]. Therefore, the higher viscosity for
QUAT-CUPs as compared to CO2--CUPs was mainly attributed to the higher associated
water fraction on the surface of QUAT-group.
Numerous researchers based on various experimental techniques like viscosity,
NMR spectroscopy and dielectric relaxation measurements have reported that the
quaternary ammonium groups increased the viscosity of aqueous suspension [36-38].
Based on Monte Carlo simulations, Hribar-Lee et al. [39] recently reported that the
tetramethyl ammonium (TMA) cation has a minimum of two hydration shells with a further
cage-like structuring of water molecules around the TMA ion [40]. García-Tarrés et al.
[41], using molecular simulation dynamics reported that the hydration number i.e. number
of water molecules in the hydration shell, for tetramethylammonium (TMA) ion was 23.
On the other hand, Monte-Carlo simulations [42] and ab-initio calculations [43] assigned
a hydration number of 5-7 to the carboxylate ion. Therefore, the higher experimental
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viscosity of QUAT-CUPs as compared to carboxylate-CUPs was due to a higher associated
water fraction which was in agreement with the reported simulations. Figure 8 shows a
pictorial representation of QUAT and CO2--CUP surface with the hydration layer.
Novoselova et al. [31] reported that the viscosity of aqueous solutions of quaternary
ammonium functional surfactant remained constant (~1 cP) until the critical micelle
concentration (CMC, ~ 0.01 mole/L) was reached. Beyond the CMC, the viscosity of
surfactant system increased steadily with increasing concentration. The viscosity of
QUAT-CUPs increased continuously with increasing concentration even in the dilute
concentration regime (0.06*10-3 – 3.6*10-3 mole/L) which was attributed to the
unimolecular micelle conformation of the QUAT-CUPs i.e. no CMC.

Figure 8. Representative structure of QUAT and CO2--CUP surface with hydration
layer
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4.6. Density of Surface Water
It has been reported in literature that the density of bulk water differs from the
density of water associated with a latex particle [44]. The effect of surface charged groups
has been difficult to quantify mainly due to the large particle size of latex resins [45]. For
example, in the case of CUP particles with a 3.3-nm radius, the volume fraction occupied
by surface water is ~61 % of the CUP particle volume. On the other hand, for a typical
commercial latex resin with particle radius of 100 nm, assuming same thickness of
associated water as for CUPs, the ratio of surface water to latex by volume is only 1.72 %.
Therefore, it is difficult to probe the associated water density. Recently, Van De Mark et
al. reported a simple method to determine the density of surface water on CO2- -CUPs,
based on the relationship between the surface water (S), the bulk water (B), and the particle
volume fraction ( 𝛷𝑝 ) [15].
A similar analysis for the surface water density on 94K-QUAT-CUPs was
performed as follows: For the CUP system composed only of the CUP particles, the
associated water and the bulk water, the summation of volume fraction is one [15], as
shown in equation 10.
𝛷𝑝 + 𝛷𝐻2 𝑂,𝑆 + 𝛷𝐻2 𝑂,𝐵 = 1

(10)

Also there exists a conservation of mass of the total material [15] as shown in
equation 11.
𝑚𝑠 = 𝑚𝑝 + 𝑚𝐻2 𝑂,𝑆 + 𝑚𝐻2 𝑂,𝐵

(11)

Where,
𝑚𝑝 = 𝜌𝑠 ∗ 𝑓

(12)

𝑚𝐻2 𝑂,𝑆 = 𝜌𝐻2 𝑂,𝑆 ∗ 𝛷𝐻2 𝑂,𝑆

(13)
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𝑚𝐻2 𝑂,𝐵 = 𝜌𝐻2 𝑂,𝐵 ∗ 𝛷𝐻2 𝑂,𝐵

(14)

and Φ denotes volume fraction, m denotes mass and 𝜌 denotes density for each material
respectively and 𝜌𝑠 denotes density of CUP dispersion.
The relation between volume fraction of CUP particle and surface water [15] can be
expressed as equation 15:
3

𝛷𝐻2 𝑂,𝑆 = [(1 + 𝛿⁄𝑟) − 1] ∗ 𝛷𝑝

(15)

Where, 𝑟 denotes radius of CUP particle. Using equation 11 through 15, equation 10 was
solved to get,
1⁄ = 𝑎𝑓 + 𝑏
𝜌𝑠

(16)

Where,
𝑏=

1
𝜌𝐻2 𝑂,𝐵

and 𝑎 =

(1+𝛿⁄𝑟)
𝜌𝑝

3

−

1
𝜌𝐻2 𝑂,𝐵

−

𝜌𝐻2 𝑂,𝑆
𝜌𝑝 ∗𝜌𝐻2 𝑂,𝐵

3

*[(1 + 𝛿⁄𝑟) − 1]

(17)

Equation 16 represents a linear fit equation to the plot of 1⁄𝜌𝑠 vs𝑓, where, f denotes
the weight fraction of CUP particles and 𝜌𝑠 denotes the density of CUP dispersion at the
corresponding weight fraction. The density of CUP dispersion at various weight fractions
was measured using a pycnometer and a graph of 1⁄𝜌𝑠 vs 𝑓 was plotted as shown in Figure
9. The graph was fit to a straight line equation and the value of the slope from the straight
line corresponded to the value of ‘a’. A similar trend was observed for all the three CUP
suspensions.
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Figure 9. Effect of weight fraction (f) on 𝟏⁄𝝆𝒔

Equation 17 was solved for the surface water density (𝜌𝐻2 𝑂,𝑆 ) by substituting the
slope value obtained from Figure 9 for the value of ‘a’. The density of surface water for
94K-QUAT-CUP was 1.0132 g/cc which was 1.6% larger than the density of bulk water
which was 0.997 g/cc at 25 oC. Compared to the surface water density (1.0688 g/cc)
reported by Van De Mark et al. [15] for 111K-CO2--CUP, the density of surface water on
94K-QUAT-CUP was lower, which could be attributed to the difference in the structure of
water around the functional groups. It is reported in literature that about 3-6 water
molecules can directly associate with each negatively charged carboxylate group via
hydrogen bonds [46]. While for QUAT-functionality, the water molecules form a cage-like
structure around the QUAT-group via weaker dipole-dipole interaction and do not
coordinate directly to the cation [42, 47].
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4.7. Equilibrium Surface Tension Behavior
The equilibrium surface tension of all the three QUAT-CUP suspensions decreased
linearly with increasing concentration of the CUPs as indicated in Figure 10. The surface
tension reduction is similar to that observed for typical surfactants i.e. the higher the
amount of surface active groups, the greater the surface tension reduction. Increasing the
CUP concentration also increased the counter-ion concentration (chloride ions), some of
which condensed on the CUP surface reducing its effective charge. The phenomenon
known as Manning condensation (counterion condensation) is widely accepted in charge
stabilized colloidal suspensions [48].
The counterion condensation causes the effective charge to be lower than the bare
surface charge and allows more number of CUP particles with better packing at the airwater interface. At the same time, the total number of charged groups at the air-water
interface increases because only a small fraction of the charged groups on the CUP surface
undergo Manning condensation. Therefore, the electrostatic repulsion increased at the
surface which reduced the surface energy of the system. The overall effect was a reduction
in the equilibrium surface tension with increasing concentration of CUPs. The counter-ion
condensation occurs for both the carboxylate and QUAT functional CUPs. The counterion condensation in case of QUAT functional CUPs was not quantified because of lack of
a suitable theoretical program to calculate the theoretical effective surface charge on the
QUAT functional CUPs.
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Figure 10. Surface tension versus concentration for the three QUAT-CUPs and CO2-CUP-36K

It is interesting that Okubo appears to be the only author reporting the air-water
surface tension of salt-free, spherical, colloidal polymeric suspensions [49]. Okubo
reported that the surface activity of methyl polyenimine increased with increasing
molecular weight possibly due to the corresponding increase in hydrophobicity of polymer
backbone [49].
The equilibrium surface tension of QUAT-CUPs decreased with increasing
molecular weight. The decrease in surface tension was attributed to the increase in the
number of cationic charged groups on the surface of CUP particle with increasing
molecular weight. The individual polymer chain was composed of 9:1 ratio of MMA (M.W
= 100): QUAT (M.W. = 208) on an average. Therefore, there was one quaternary
ammonium group for every 1108 Da of polymer and therefore, the polymer with 36K, 55K
and 94K molecular weight had on an average, 32, 50 and 85 charged groups respectively,
per particle.
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Particles arriving at an interface can either have attractive (van der Waals) or
repulsive forces (electrostatic) between them which determines the change in the surface
energy. Increase in the van der Walls attractive force increases the surface energy which
increases the surface tension at the interface since more work is required to distort the
surface and the surface tension is lowered by reducing the surface energy [50].
CUP particles with charged quaternary ammonium groups repelled each other when
adsorbed at the air-water interface and possibly reduced the surface energy of the system,
therefore, lowering the surface tension. CUPs with higher molecular weight had more
charged groups per unit area on the surface and therefore had increased electro-repulsion
which gave greater reduction in surface tension.
The QUAT-CUP and CO2--CUP with similar molecular weight (36K) showed
similar reduction in surface tension which was possibly due to similar polarities of the
hydrophilic quaternary ammonium and carboxylate group which resulted in similar
reduction of surface energy via electrostatic repulsion. The surface tension versus
concentration was fit to a linear equation expressed as equation 18 and the results listed in
Table 3.
γ − 𝛾𝑤 = 𝑘 ∗ c

(18)

Where, 𝛾𝑤 is the surface tension of water, 𝑘 is the slope (surface activity) and c is the
concentration (mole/m3). At infinite dilution, the surface tension of CUPs should approach
a value of 72.08 dyne/cm which is the surface tension of pure water at 25 0C. The intercept
(𝛾𝑤 ) for all the three suspensions were found to be close to 72.08 dynes/cm as predicted.
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Table 3. Surface tension fitting parameters
CUP system

𝑘

∆𝑘

Intercept (𝛾𝑤 )

∆𝛾𝑤

R2

CO2--CUP-36K

-0.96

0.03

72.1

0.03

0.993

QUAT-CUP-36K

-1.1

0.05

72.0

0.09

0.990

QUAT-CUP-55K

-3.4

0.11

72.1

0.06

0.994

QUAT-CUP-94K

-13.3

0.39

72.2

0.13

0.994

4.8. Dynamic Surface Tension Behavior
Figure 11 shows the plot of dynamic surface tension against surface age for the
three QUAT-CUPs and CO2--CUP-36K at a concentration of 0.5 mole/m3. Surface age is
defined as the time interval between the onset of bubble growth and the moment of
maximum pressure. Therefore as the surface age was increased, the bubble rate reduced
which gave the CUP particles more time to reach the air (bubble)-water interface.

Figure 11. Surface tension vs surface age for QUAT-CUP and CO2--CUP-36K at 0.5
mole/m3
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The data gave a good exponential fit represented by the equation 19. The fitting
parameters were shown in Table 4.
𝛾 − 𝛾𝑒 = 𝐴 ∗ exp(−𝑡/𝜏𝑘 )

(19)

Where, 𝛾𝑒 is the equilibrium surface tension; A and 𝜏𝑘 (kinetic relaxation time) are the
fitting parameters.
Figure 11 indicated that the QUAT-CUP-94K took longer time to reach equilibrium
than QUAT-CUP-55K and QUAT-CUP-36K and the equilibrium surface tension
decreased with increasing molecular weight. The exponential relaxation of surface tension
is consistent with the kinetically limited adsorption (KLA) model reported by Diamant and
Andelman [51]. The fitting parameter 𝜏𝑘 (kinetic relaxation time or the half-time to reach
constant surface tension), according to Andelman et al., is indicative of the electrostatic
potential at the surface which gives rise to electrostatic repulsion. The 𝜏𝑘 increased with
increasing molecular weight as shown in Table 4 and indicated a barrier to surface
adsorption via electrostatic repulsion thus slowing down absorption of CUP at the interface.

Table 4. Fitting parameters for dynamic surface tension versus surface age at 0.5
mole/m3
CUP system

𝛾𝑒 (dyne/cm)

A

𝜏𝑘 (sec)

R2

CO2--CUP-36K

71.6

1.9

0.089

0.993

QUAT-CUP-36K

71.4

2.1

0.069

0.995

QUAT-CUP-55K

70.3

3.6

0.240

0.993

QUAT-CUP-94K

65.0

7.5

0.462

0.975
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Van De Mark et al. have shown that for accurate particle size measurement of CUPs
using DLS, the viscosity of the solvent was replaced by the viscosity of the solution because
of the increasing viscosity due to electroviscous effects [12]. The collective diffusion
coefficient (Dc) was approximated from the generalized Stokes-Einstein’s model for the
diffusion of spherical particles expressed as equation 20, relating the collective diffusion
coefficient to the radius of particle (𝑟) measured by DLS and the viscosity of the solution.
𝐷𝑐 =

𝑘𝑏 ∗𝑇
6∗𝜋∗𝜂∗𝑟

(20)

Where, 𝑘𝑏 is the Boltzmann constant and T is the absolute temperature of the solution.
The diffusion coefficients (Dc) were calculated to be 0.82, 0.45 and 0.28 (10-6
cm2/s) for the 36K, 55K and 94K-QUAT-CUPs (each at a volume fraction of 0.05)
respectively. Therefore, the QUAT-CUP-94K taking more time to reach equilibrium
surface tension could be explained by a slower diffusion of the higher molecular weight
CUP to the air-water interface.
Ferdous et al. [52] have shown that the presence of charged particles at the air-water
interface reduced the interfacial tension due to a reduction in the surface energy. In a similar
way, the CUP particles also caused reduction in surface tension due to surface charged
groups (QUAT and CO2-). The higher molecular weight CUP particle caused greater
reduction in surface tension value because higher molecular weight CUP had more surface
charged groups per unit area which caused a greater reduction in the surface energy and
therefore greater reduction in the surface tension.
Figure 12 shows the effect of concentration on the dynamic surface tension for the
three QUAT-CUPs. The dynamic surface tension decreased with increasing concentration
which was attributed to greater reduction in surface energy due to higher number of
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particles. The dynamic surface tension data shown in Figure 12 for the three MW CUPs at
various concentrations was fit to equation 19 and the kinetic relaxation time (𝜏𝑘 ) was
shown in Table 5.
With increasing concentration, the viscosity of CUP solution increased, slowing the
diffusion of CUP particle to the air-water interface. Increasing the concentration also
increased the probability of a CUP particle getting adsorbed at the air-water interface and
decreased the distance needed to travel to reach the interface. The overall effect was an
increase in the relaxation time to reach equilibrium.

Figure 12. Dynamic surface tension versus surface age at 4 different concentration
for QUAT-CUPs (36K, 55K, 94K)
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Table 5. Relaxation time (𝝉𝒌 ) for the three CUPs at various concentrations
QUAT-CUP

Concentration (mole/m3)

τk(sec)

R2

36K

0.50

0.069

0.995

″

1.01

0.074

0.998

″

1.50

0.092

0.995

″

1.99

0.115

0.996

55K

0.25

0.234

0.972

″

0.50

0.240

0.993

″

0.75

0.276

0.982

″

0.99

0.280

0.994

94K

0.06

0.263

0.957

″

0.13

0.358

0.972

″

0.25

0.459

0.984

″

0.50

0.462

0.975

5. CONCLUSIONS

Colloidal unimolecular polymer (CUP) particles with cationic groups on the surface
were successfully synthesized by the process of water reduction on MMA-QUAT
copolymers. The CUPs had zero volatile organic content (VOC) due to the complete
removal of organic solvent and the particle size was in the true nano-scale region (3-9 nm).
At similar molecular weight the QUAT-CUPs had a thicker bound or associated water layer
as compared to the CO2--CUPs. Higher bound water fraction for QUAT-CUPs resulted in
a greater viscosity as compared to CO2--CUPs at similar volume fraction.
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QUAT-CUPs with higher molecular weight resulted in greater surface tension
reduction due to higher charge density which reduced the surface energy. Density
measurements using pycnometer revealed that the associated surface water on QUAT-CUP
was 1.6% higher than the bulk water. The surface water density was lower as compared to
similar molecular weight carboxylate functional CUP which was attributed to weaker
dipole-dipole interactions of QUAT groups with surface water, while carboxylate groups
had direct hydrogen bonding giving the surface water a more compact structure.
The equilibrium surface tension was similar for the CO2--CUP-36K and QUATCUP-36K possibly due to similar polarities of the charged groups. Dynamic surface tension
studies revealed that the rate of surface tension reduction was possibly a function of the
molecular weight of the polymer and the surface charge density of the CUP particle. Higher
molecular weight CUPs required more time to reach the equilibrium surface tension due to
a slower diffusion, but gave a lower surface tension value due to greater reduction in
surface energy arising from a higher number of surface charged groups per unit area.
Further study would be directed towards studying the surface active properties of
CUPs with different molecular weight but similar charge density which would elucidate
more clearly the impact of diffusion and surface charge on the surface tension of CUPs.
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IV. RHEOLOGY AND SURFACE TENSION BEHAVIOR OF SULFONATE
FUNCTIONAL COLLOIDAL UNIMOLECULAR POLYMER (CUP)

Ameya Natu, Marcus Wiggins, Minghang Chen and Michael R. Van De Mark
Department of Chemistry, Missouri S&T Coatings Institute,
Missouri University of Science & Technology, Rolla, MO 65409
ABSTRACT
Colloidal Unimolecular Polymer (CUP) particles were prepared by water-reduction
of copolymers of methyl-methacrylate and 2-acrylamido-2-methylpropane sulfonic acid.
Absence of additives like surfactant or emulsifier, easy synthesis and controllable truenano scale size (diameter 3-9 nm) make the CUP systems an excellent material to study
the electro-viscous effects and the effect of surface water on the rheology and surface
tension. In the dilute concentration regime (volume fraction < 0.10), the tertiary
electroviscous effects dominated the rheology behavior and the associated water fraction
on the surface of sulfonate (SO3-)-CUPs increased with increasing molecular weight or
surface charge density of the CUP particles. The SO3--CUPs had a thicker and a denser
surface water layer than the carboxylate (CO2-) functional CUPs. Surface activity was
higher for the SO3--CUPs as compared to CO2-- CUPs which was related to the surface
charge density. Dynamic surface tension study indicated that the rate of surface tension
reduction decreased with increasing concentration and the charge density of CUPs.
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1. INTRODUCTION

Charged colloidal suspensions are used in numerous applications such as paints,
coatings, drug-delivery and polymeric flocculants [1-4]. A thorough understanding of the
rheology and surface tension behavior of the systems during synthesis, processing and
application is of utmost importance because of its impact on the stability and utility of the
charged colloidal systems. In the past, researchers have used materials such as surface
charged latexes, charged nano-silica, fullerenes etc. to study the effect of surface charge,
surface water and molecular weight on the rheology and surface tension behavior [5-7].
This research reports the synthesis of sulfonate functional Colloidal Unimolecular
Polymer (CUP) particles which is a new type of a nanoscale (particle diameter < 10nm),
two-phase colloidal system with sulfonate groups on the surface of the particle. Solid,
spheroidal polymer particles make up the dispersed phase suspended in the continuous
aqueous phase. The change in solvent environment from an organic solvent to water forces
the polymer chain to collapse on itself due to unfavorable interaction between the polymer
and water, producing nanoscale CUPs in the range of 3 to 9 nm [8]. The collapse to a
spherical shaped globule is driven by the polymer-polymer interaction being greater than
the polymer-solvent interaction and entropically favored by the release of the water similar
to micelle formation.
Figure 1 shows the formation of CUP particles with sulfonate groups on the surface,
keeping the particles from aggregation. Once formed the colloidal particles are
thermodynamically stable. The CUP suspensions contain only the charged particles, water
and counterions [9]. The CUP suspensions being colloidal in nature and having ionizable
groups on the surface are similar in nature to spherical polyelectrolytes. Polyelectrolytes
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have been a subject of great research interest as it offers an insight into the behavior of
biomacromolecules like proteins and viruses. Compared to the spherical polyelectrolytes,
CUPs as a model material to study proteins offers distinct advantages such as:
thermodynamic stability, simple to prepare and cost-effective.
Because of the potential as a resin system, rheology modifier, surfactant or
encapsulating agent in applications ranging from paints and coatings to drug delivery, it is
necessary to study and understand the important physical properties such as rheology,
surface tension etc. As CUPs are free of any additive such as thickener or surfactant, the
observed viscosity behavior can be directly related to the electroviscous effects, the
effective surface charges and the surface water.
Brader [10] has published a detailed review on the rheology behavior of hard
spheres in water, without considering the effect of associated surface water. The presence
of surface water greatly affects the effective volume fraction and the rheology of
waterborne resins. The surface water effect can be neglected if the size of the resin particle
is large, as is the case with most waterborne latex resins. For CUP particles, the surface
water can be a dominating factor and the rheology behavior will be quite complicated.
In a previous report, the rheological behavior of CO2--functional CUPs in the dilute
region (volume fraction < 0.10) was shown to be dominated by the tertiary electroviscous
effects [11]. The thickness of surface water layer was significant as compared to the size
of CUP particles which resulted in the dominant tertiary electroviscous effect. The present
research evaluated the rheology and surface tension behavior of SO3- functional CUPs in
relation to CO2--functional CUPs.
The associated water fraction and the thickness of the surface water layer were
determined based on the relationship of the intrinsic viscosity of the system with the
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associated water fraction. Equilibrium surface tension measurements provide information
on the effectiveness of CUPs in lowering the surface tension of air-water interface at
equilibrium which is governed by the thermodynamics of the CUP particles at the interface.
Dynamic surface tension (DST) is important because it gives information on the rate of
movement of CUP particles to the air-water interface providing information on the
adsorption mechanism and is controlled by the diffusion of CUPs to the interface. DST
gives better correlation to actual applications because many important processes like
spraying, printing, foaming or coating occur under non-equilibrium / dynamic conditions.
The surface tension measurements were performed using the maximum bubble pressure
technique.
As shown in Figure 1, the surface charges prevent the CUP particles from
aggregating and the charged layer plays an important role in determining the
electrophoretic mobility, rheology, and surface tension of CUPs. The present study will
first discuss the determination of effective charge based on the theoretical models and then
evaluate its effect on the rheology of CUPs. Once the effective charge (Qeff), is determined,
the effective charge density (σ), can be expressed as σ = Qeff / πd2 where, d is the diameter
of CUPs.
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Figure 1. Process of CUP formation from poly(methyl methacrylate-co-2acrylamido-2-methyl propane sulfonic acid)

2. THEORETICAL BASIS
2.1. Determination of Effective Charge
2.1.1. Nernst-Einstein model: The relation between the electrophoretic mobility
(µ), the friction coefficient (f), and the effective charge (Qeff) expressed as equation 1, is
based on the assumption that the counterions surrounding the macroions have no
interactions with the macroions [12].
𝜇=

𝑄𝑒𝑓𝑓
𝑓

(1)

In case of a spherical particle with radius a, the friction coefficient (f), is related to
the diffusion coefficient (D), by the Stokes-Einstein theory [12] as equation 2:
𝐷=

𝑘𝐵 𝑇
𝑓

𝑘 𝑇

𝐵
= 6𝜋𝜂𝑎

(2)

Where, kB is Boltzman constant, T is absolute temperature, η is viscosity of solvent.
Combining equation 1 and 2, the relation between electrophoretic mobility and effective
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charge can be expressed as equation 3 where, μ∞ stands for the electrophoretic mobility at
infinite dilution.
𝑄𝑒𝑓𝑓 = 6𝜋𝜂𝑎𝜇 ∞

(3)

The advantage of Nernst-Einstein model is its simplicity. As long as the
electrophoretic mobility at infinite dilution and particle size is known, the effective charge
can be determined. The major disadvantage is that there is no available model to extrapolate
the μ∞ for spherical particles.
2.1.2. Hessinger’s model: If a suspension with low surface pKa is neutralized by
a base like sodium hydroxide (NaOH), the conductivity of the suspension and
electrophoretic mobility of particle will change correspondingly. When all protons are
neutralized, the relationship can be expressed as equation 4 [13].
𝜎 = 𝑛𝑒[𝑍𝑒𝑓𝑓 (𝜇𝑝 + 𝜇𝑁𝑎+ ) + 𝑀(𝜇𝑂𝐻 − + 𝜇𝑁𝑎+ )] + 𝜎𝑏

(4)

Where, σ is the conductivity of suspension, n is the number density of particles, Zeff is the
effective charge, μp and μNa+ are the electrophoretic mobility of the particle and sodium ion
respectively, M is the number concentration of small ions per particle defined as
M=1000*c*NA/n where c is the concentration of small ions in mol/L and σb is the
conductivity of the background.
The effective charge can be determined from the dependence of conductivity on the
number density of the particles. The method is relatively simple, but it involves measuring
the conductivity and electrophoretic mobility, which normally need several instruments.
2.1.3. Charge renormalization: The concept of charge renormalization was first
raised by Manning [14] and was widely accepted in charge stabilized colloidal suspensions.
The basic idea is that some counterions surrounding macro-ions will bind or condense on
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the surface of the macro-ion due to minimization of electrostatic repulsion between
charges, which causes the effective charge to be smaller than the bare charge of the
colloidal particle.
Alexander [15] et al. have done pioneering work on calculating the effective charge
for spherical charged particles. The model is based on the assumption that each colloidal
particle occupies the center of a spherical Wigner–Seitz (WS) cell [16] with the presence
of counterions. Thus, the charge density profile can be readily calculated as well as
effective charge.
Alexander’s model works well for colloidal particle with known bare charges. For
a spherical particle containing weak acid or base groups on the surface, the bare charge is
regulated by the dissociation equilibrium at the surface of the particle. Ninham and
Parsegian [17] first proposed a model in which the surface of the colloid has ionizable
groups which dissociate depending on the counterion atmosphere. The basic idea is that
two electro-repulsive surfaces tend to minimize the total free energy.
Based on the free energy concept, Belloni [18] further developed a simple program
to calculate the effective charge as long as the particle size, maximum bare charge, pKa, of
the ionizable groups, pH of the reservoir solution, and salinity of reservoir are known. It
should be noted that even though the sulfonic acid is a strong acid and is completely ionized
in water as compared to weaker carboxylic acid, manning condensation occurs for
sulfonate in the presence of sodium counterion, as the concentration of CUP particles
increases. The manning condensation in the case of sulfonate functional particles is usually
lower than that for carboxylate functional particles.
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2.2. Theories Related With Rheology
For dilute suspension with non-charged spheres, which leads to no interaction
between particles, the specific viscosity of suspension can be expressed as equation 5:
ηsp = 2.5* ϕ

(5)

Where, ηsp is the specific viscosity of suspension and ϕ is the volume fraction of particles
in the solution, according to Einstein’s model from the standpoint of Brownian motion
[19]. Simha’s model can be used to correct Einstein’s model when the concentration is high
enough to lead to hydrodynamic interactions between particles [20]. The specific viscosity
can then be expressed as equation 6:
𝜂𝑠𝑝 = 2.5 ∗ 𝜙 ∗ 𝑠(𝜙)

(6)

Where, s(ϕ) is Simha’s equation defined as:
7

10

4

5

𝑆(𝜙) = 4(1 − 𝜙 3 )/[4(1 + 𝜙 3 ) – 25𝜙(1 + 𝜙 3 ) + 42𝜙 3 ]

(7)

For charged particles, the viscosity of suspension gets more complicated due to
increased particle interaction and the electroviscous effects need to be considered.
The primary elctroviscous effect which results from the distortion of a fluid stream
near charged spheres has been extensively studied. Hiemenz [21] reports a comprehensive
review covering numerous theoretical models right from Smoluchowski’s model [22] to
Russel’s model [23] considering the effect of shearing. Smoluchowski first created the
concept of primary electroviscous effect and expressed intrinsic viscosity as:
[𝜂] = 2.5[1 + 4(𝜀𝑟 𝜀0 𝜁)2 /𝑘𝜂0 𝑅𝑆2 ]

(8)

Where, εr is the dielectric constant of solvent, ε0 is permittivity of vacuum, k is specific
conductivity of the continuous phase, ζ is the zeta potential, and Rs is radius of spheres.
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The equation was further modified by replacing the specific conductivity (k) of the
continuous phase with the Debye length which relates the primary electroviscous effect
with the thickness of electrical double layer [24, 25]. In the present study, the most recent
analytical expression of primary electroviscous coefficient (p), derived by Watterson and
White [25] and presented as equation 9 was utilized.
𝑝≈

∞ 2
6𝜀0 𝜀𝑟 𝑘𝐵 𝑇 ∑𝑁
𝑒ζ
𝑖=1 𝑛𝑖 𝑍𝑖 𝜆𝑖
𝐿(𝜅𝑅𝑠 )(𝑘 𝑇)2
𝑁
2
∑𝑖=1 𝑛𝑖∞ 𝑍𝑖2
5𝜂0 𝑒
𝐵

(9)

Where, η0 is the viscosity of water, Zi is the valence of the ions, λi is the drag coefficient of
various ions in the solution, expressed as equation 10 with ˄i0 as the limiting equivalent
conductance of each ion. L(kRs) is a function of kRs, expressed as equation 11.
𝜆𝑖 =
𝐿(𝜅𝑅𝑠 ) =

10𝜋
3

𝑁𝐴 𝑒 2
Λ0𝑖

𝑍(𝜅𝑅𝑠 )(1 + 𝜅𝑅𝑠 )2

(10)
(11)

Where,
11𝜅𝑅

𝑍(𝜅𝑅𝑠 ) ≈ (200𝜋𝜅𝑅𝑠 )−1 + (3200𝜋𝑠 ) for thick double layers, i.e., small 𝜅𝑅𝑠 , or
3

𝑍(𝜅𝑅𝑠 ) = (2𝜋)(𝜅𝑅𝑠 )−4 for thin double layers, i.e., large 𝜅𝑅𝑠 .

(12)

The zeta potential value was obtained by the relation between effective charge and
zeta potential given as:
ζ = 4𝜋𝜀

𝑄𝑒𝑓𝑓
0 𝜀𝑟 𝑅𝑠 (1+𝜅𝑅𝑠 )

(13)

Secondary electroviscous effect is typically negligible at low concentration where
the primary electroviscous effect dominates. At some concentration, depending on the
solvent and surface charge of the particle, the electrical double layer will feel each other,
making the suspension structured, which leads to an increase in viscosity. The alignment
of the particles due to each other’s presence leads to the secondary electroviscous effect.
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The contribution of the secondary electroviscous effect to the viscosity of the suspension
is proportional to the square of the volume fraction. Russel’s rheological model [5],
described as equation 14, relates the relative viscosity of suspension to the volume fraction
of charged particles and was second order in volume fraction when kRs was small and
interparticle distance was large.
2

3

𝜙2

𝛼

𝜂𝑟𝑒𝑙 = 1 + [𝜂]𝜙 + 5 ([𝜂]𝜙)2 + 40 ln (ln(𝛼))(𝜅𝐿)4 (𝜅𝑅

5
𝑠)

+ 𝐵(𝜙 3 )

(14)

Where, [η] is the intrinsic viscosity which includes the primary electroviscous effect, α
represent the ratio of electro-repulsion force to Brownian motion (equation 15) and L is the
effective collision diameter (equation 16).
𝛼 = (4𝜋𝜀0 𝜀𝑟 𝜓𝑠2 𝑅𝑠2 𝜅) exp(2𝜅𝑅𝑠 ) /𝑘𝐵 𝑇
𝐿 = 𝜅 −1 ln[

𝛼
ln(

𝑎
)
ln(𝑎)

]

(15)
(16)

In equation 15, 𝜓𝑠 is the surface potential of the charged particle which is calculated
using an analytical expression derived by Ohshima [26] shown as equation 17.
𝜓𝑠 =

𝑘𝐵 𝑇
𝑧𝑒

1

ln[

1
6𝜙 ln( )
𝜙

𝑧𝑒

𝑄

(𝑘 𝑇)2 (4𝜋𝜀𝑒𝑓𝑓
)2 ]
𝜀 𝑅
𝐵

0 𝑟 𝑠

(17)

Tertiary electroviscous effect is generally applicable to the expansion or contraction
of particles due to the change in conformation especially of polyelectrolytes [27, 28]. For
rigid spheres, the possible change of radius will be due to adsorption of surfactant or
polyelectrolyte to its surface, or a structured water layer. In the CUP suspension, free of
electrolyte and surfactant, the only possible tertiary electroviscous effect comes from a
structured water layer on the surface of the particle. Assuming that water forms a
homogeneous layer with thickness (δ) on surface of particle, the effective volume fraction
(Φeff) can be calculated as:
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𝛿

3

𝛷𝑒𝑓𝑓 = 𝜙 (1 + (𝑅 ))
𝑆

(18)

2.3. Determination of Intrinsic Viscosity of CUPs
The intrinsic viscosity of uncharged polymer is determined by extrapolating the
reduced viscosity to infinite dilution. But there is no general method to determine the
intrinsic viscosity of polyelectrolyte solution without added electrolyte. In many cases, the
reduced viscosity of polyelectrolytes does not approach a set value when the concentration
is dilute. It may increase sharply and sometimes a maximum value was observed [29].
Many methods have been attempted to determine the value of intrinsic viscosity. The
method used in the present study was derived from the relation between relative viscosity
(ηrel) and volume fraction (ϕ), in the dilute regime [30] and expressed as equation 19, where
[η]𝜙 is the intrinsic viscosity in terms of volume fraction.
ln(η𝑟𝑒𝑙 ) = [η]𝜙 ϕ

(19)

The CUP particles are small, rigid and charged and therefore subject to
hydrodynamic interaction and electroviscous effects. In summation of the analysis above,
the intrinsic viscosities for each CUP with different molecular weight was determined from
the slope of ln(ηrel) versus volume fraction. The surface water thickness of CUP particles
was estimated using the densities of CUP suspension. The effective charge of CUPs at
various volume fractions was determined by using Belloni’s [18] program. Based on the
effective charge, the Debye-Hückel parameter, zeta potential, primary electroviscous
coefficient, and effective collision diameter was calculated. The experimental viscosity
was compared with the theoretical viscosity calculated using equation 14. Surface tension
measurements were performed for the three CUPs at various volume fractions using the
maximum bubble pressure surface tensiometer.
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3. EXPERIMENTAL
3.1. Materials
Methyl methacrylate (MMA), 2, 2′-azobis (2-methylpropionitrile) (AIBN), nbutanethiol and methanol was purchased from Aldrich. 2-Acrylamido-2-methylpropane
sulfonic acid (AMPS) was obtained from Lubrizol and used as received. Absolute
anhydrous ethanol was purchased from PHARMCO-AAPER and used as supplied. AIBN
was re-crystallized from methanol prior to use. Inhibitor from MMA was removed by
washing with 10% aqueous solution of sodium bicarbonate (NaHCO3), distilled water and
brine solution respectively, then dried over anhydrous magnesium sulfate and further
purified by distillation. The distillation was carried under copper bromide to prevent
polymerization during distillation

3.2. Synthesis and Characterization of Copolymers
Copolymers of MMA and AMPS were prepared in a 3-neck flask equipped with a
thermometer, a nitrogen inlet and a condenser fitted with a bubble tower to maintain a
positive pressure in the system. MMA (0.81 moles, 81.3 g) and AMPS (0.09 moles, 18.7
g) monomers were charged into the flask in a molar ratio of 9:1 along with the solvent
absolute ethanol (250 gram) and n-butane thiol (amount determined by the target molecular
weight of the polymer) as the chain transfer agent. AIBN (0.00073 moles, 0.12 gram) was
used as the free radical initiator. The reaction was carried out for 24 hours under refluxing
conditions.
The polymer solution was then cooled to room temperature and precipitated in cold
de-ionized water under high shear and then filtered which removed the unreacted AMPS
monomer as it was water-soluble. The traces of un-reacted MMA and solvent (ethanol)
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from the polymer were removed in-vacuum. The polymer was then placed into a 50° C
vacuum oven for complete drying. Polymers with different molecular weights were
synthesized by controlling the amount of chain transfer agent n-butanethiol (0.24, 0.14 and
0.11 g for poly-1, poly-2 and poly-3 respectively). Different molecular weight correspond
to different surface charge density.
Acid numbers (AN) were measured by the titration method found in ASTM D 974;
modified by using potassium hydrogen phthalate (KHP) in place of hydrochloric acid, and
phenolphthalein in place of methyl orange. The titration was performed in methanol as
solvent. The density of the dry cup was then measured by a gas displacement pycnometer:
Micromeritics AccuPycII 1340. Volume of sample can be calculated as:
P

Vs = Vc + Vr /(1 − P1 )
2

(20)

Where, Vs is the sample volume, Vc is the volume of the empty sample chamber, Vr is the
volume of the reference volume, P1 is the first pressure (i.e. in the sample chamber only)
and P2 is the second (lower) pressure after expansion of the gas into the combined volumes
of sample chamber and reference chamber. Equilibrium flow rate of Helium gas was
0.005psig/min, temperature was controlled at 25.89±0.04 0C. Twenty five readings were
made for each sample, and the results were reported by its average and standard deviation.
The dry CUP density is important for calculating of theoretical particle size of the CUP
particles.

3.3. Preparation of CUPs
The purified and dry acrylic copolymers were dissolved in methanol which is a low
boiling and water miscible solvent, at a concentration of 10% w/w and stirred overnight
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for complete dissolution of the polymer chains. Aqueous sodium hydroxide solution was
added to neutralize all the acid groups on the copolymer based on the acid number.
Deionized water modified to a pH of 8~9 using 1 molar aqueous NaOH solution was then
added to the polymer solution by a peristaltic pump at a rate of 1.24g/minute. The pH of
solution was maintained at 8-9 throughout the process of water reduction. Methanol was
stripped off under vacuum to give CUPs in VOC free aqueous solution. The CUP solutions
were then filtered through 0.45μm Millipore membrane to remove any impurities which
were typically less than 0.05%.
Water reduction process: 10 gram of poly (MMA-co-AMPS) was dissolved in 90
gram of methanol to make a 10% w/w solution. The sulfonic acid groups on the CUP
particles were neutralized by adding aqueous NaOH solution (1 molar) and 190 gram of
deionized water was then added by means of a peristaltic pump. Methanol was then
stripped off in vacuum and the sample was further concentrated by stripping off water to
give a 10.0 % w/w CUP solution of poly (MMA-co-AMPS) in water. The CUP solution
was filtered through a 0.45 micron filter to remove any impurities which were typically
found to be less than 0.05% solids. The CUP suspensions were characterized for their
shearing and absolute viscosity, particle size and equilibrium and dynamic surface tension
as shown below. The viscosity measurements were performed using a capillary viscometer,
a programmable rheometer and the surface tension measurements were performed on a
bubble surface tensiometer. The surface tensiometer measures the pressure difference
between two capillaries of different diameter and the maximum pressure difference
corresponds to the surface tension of the liquid in which the capillaries are immersed.
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3.4. Characterization of CUPs
3.4.1. Shearing viscosity. The solutions were tested for shearing viscosity on a
Brookfield LV DVIII viscometer, using 1ml of sample for each run. After each run, the
sample was diluted with Milli-Q ultrapure water to the next concentration. The solutions
were run at each whole percent from the most concentrated to 1%, and at 0.5% CUP.
3.4.2. Absolute viscosity of CUP solutions. The absolute viscosity of CUP
suspension was measured using the Ubbelohde capillary viscometer which was maintained
at 25.0±0.1 0C using a constant temperature water bath. The suspensions were equilibrated
for 30 minutes.

Evaporation and CO2 contamination was avoided by covering the

viscometer with a plastic wrap. A stop watch with 0.01 second precision was used to
monitor the elution time. The estimated standard error was within 0.5%. Absolute viscosity
was calculated by equation 21.
η= t∙d∙c

(21)

Where, t, d, and c were elution time, density of the solution and constant of Ubbelohde
with units of second, g/ml and cP/second, respectively. The relative viscosity of solution
was calculated as:
ηr=η/η0

(22)

Where, η0 is the viscosity of water (0.89 cP at 250 C).
3.4.3. Particle size of CUPs. Particle size of CUPs was measured by dynamic light
scattering technique, using the instrument Microtrac Nanotrac 250. The viscosity of
suspension was used instead of water because the charged groups on the surface of CUP
particles increased the viscosity of the suspension affecting the diffusion coefficient. The
details of this observation are reported elsewhere [31].
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3.4.4. Surface tension measurement. The maximum bubble pressure [32] method
was used to measure the surface tension because of its advantages over other methods such
as the Du Noṻy ring method [33], oscillating jet method [34], drop methods [35]. First,
since the measurement was done inside the dispersion, the effect of humidity, air
turbulence, and contamination of carbon dioxide were avoided. Secondly the operation and
cleaning after testing was easier. Sensadyne PC-500 LV was used to measure the surface
tension of CUP suspensions. Suspensions were equilibrated in a constant temperature water
bath at 25±𝟎. 𝟏 0C. The tensiometer was calibrated with analytical reagent 100 % absolute
ethanol and Milli-Q ultrapure water. Flow rate of nitrogen gas was 40ml/minute and flow
pressure was maintained at 25 psi. An average of three readings with less than 0.1 dyne/cm
difference was reported. For dynamic surface tension, the maximum and minimum bubble
rate were determined as the rate beyond which the surface tension did not change.

4. RESULTS AND DISCUSSION
4.1. Acid Number and Density
The acid number and densities of the copolymers were listed in Table 1. It shows
that the composition of the copolymers had similar acid numbers. The densities of the dry
CUP increased with increasing molecular weights as expected since the weight fraction of
end groups decreased with increasing molecular weight [36]. The last column indicates the
molecular weight of the three copolymers. The molecular weight was determined based on
its relationship with the particle radius and density as demonstrated in the case of globular
proteins.
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Table 1. % Yield, acid number and density of the copolymers
sample ID

% Yield

Calculated acid
valuea

Measured acid
valuea

𝜌𝑝 (g/cc)

MWb

Polymer 1

75

46.8

47.1

1.1971±0.0015

28K

Polymer 2

77

46.8

46.9

1.2016±0.0020

56K

Polymer 3

71

46.8

48.1

1.2396±0.0017

80K

a- mg KOH / g polymer, b- 𝑀𝑊 =

𝜋𝑑3 𝜌𝑝 𝑁𝐴
6

,

𝑁𝐴 = Avogadro’s Number

4.2. Particle Size Analysis
The particle size of the CUPs was measured by Microtrac Nanotrac 250 with
dynamic light scattering. Table 2 shows the measured particle size for the three CUP
suspensions using the DLS. The DLS measured particle size based on the Doppler shift
principle where the scattered light is Doppler shifted due to Brownian motion. The
viscosity of the sample also affects the diffusion coefficient. The experimental and the
theoretical particle size calculated based on the density and the molecular weight of
copolymer were in good correlation. This indicated a unimolecular collapse of polymer
chains to form CUPs.

Table 2. Particle size of CUP measured from Nanotrac 250
sample ID

Measured diameter using DLS(nm)

polymer 1

4.2

polymer 2

5.3

polymer 3

5.9
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4.3. Specific Viscosity of CUP Suspension
The specific viscosities of CUP suspensions were measured and plotted against
volume fractions for the three polymers. Figure 2 shows the specific viscosities of the three
polymers at low volume fractions (< 0.10). For comparison, the viscosity of a carboxylate
functional CUP (M.W=28K) was also shown. The polymer synthesis and water-reduction
process for methyl methacrylate-methacrylic acid (MMA-MAA) copolymer has been
discussed elsewhere [11].

Figure 2. Plot of specific viscosity of the three sulfonate functional and one
carboxylate functional CUP solutions as a function of volume fraction

The experimental viscosity for all of the samples deviated from Einstein’s model
even for the dilute regime (volume fraction < 0.10). The sulfonate functional CUP had
higher viscosity than the carboxylate functional CUP at similar molecular weight (28K)
and volume fraction which was attributed to the higher hydrophilic nature of sulfonate
group. The sulfonate group has three hydrogen bond acceptors (oxygen atom) compared to
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two for carboxylates. The higher hydrogen bonding possibly contributed to a thicker
surface water layer and higher associated water fraction on the sulfonate CUPs. It is also
reported in literature that sulfonate group is more hydrophilic than carboxylate and the
secondary amide group present on the AMPS monomer also interacts strongly with water,
thereby increasing the contribution of the tertiary electroviscous effect to the overall CUP
solution viscosity [37, 38].
Oncley [39] has shown that the thickness of water layer on the surface of charged
particles could be determined from the intrinsic viscosity of the suspension. The intrinsic
viscosity could be determined from the slope of a plot of ln(relative viscosity) versus
volume fraction of CUP particles. This relation is typically used in the case of charged
polyelectrolytes. Figure 3 shows the plot of ln(relative viscosity) versus volume fraction
for the three SO3--CUPs and the calculated values of intrinsic viscosity, surface water
thickness and bound water fraction were shown in Table 3.

Figure 3. Plot of ln (ηrel) versus volume fraction for sulfonate functional CUPs
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The associated water fraction, β, defined as the weight ratio of surface water to
CUP molecules was calculated by using equation 23 [21] where ρ1 is the density of water
(0.997 g/cc) and ρ2 is the density of CUP at 250 C. Assuming that each particle is spherical
and surrounded by a uniform layer of water molecules with thickness δ, then δ can be
expressed as equation 24.
[𝜂]

𝜌

𝛽 = 𝜌1 (2.5 − 1)
2

𝛽𝜌

(23)

1

𝛿 = 𝑅𝑠 [( 𝜌 2 )3 − 1]
1

(24)

Table 3 indicated that there was significant amount of water associated with the
surface of CUP particles. The surface water can form hydrogen bond with the sulfonate
functional groups on the surface of the CUP particles. The thickness of water layer
increased with increasing molecular weight of the copolymer. As discussed below, each
sulfonate functional group can form six hydrogen bonds using the three oxygen atoms with
two lone pair of electrons each, in the sulfonate group. Assuming that all the acid groups
on the CUP particle were on the surface, and were completely neutralized and dissociated,
the bare surface charge density for spherical CUP particles can be estimated by equation
25.
MW 1

2

3

σ = ( 4π )3 ⋅ (ρN )−3 ⋅ m
A

e
MMA b+mMAMPS

(25)

Where, ρ is the density of polymer, NA is the Avogadro number, q is the elementary charge,
mMMA is the molecular weight of methyl methacrylate, mAMPS is the molecular weight of
sulfonic acid functional monomer, and b is the molar ratio of MMA to AMPS.
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Table 3. Intrinsic viscosity, associated water fraction and surface water thickness of SO3-CUPs
Adj. R2

βb

𝛿(nm)

0.24

0.992

2.47

0.92

12.4

0.30

0.983

3.29

1.55

12.8

0.28

0.984

3.31

1.78

CUP

[η]ϕ

Δ[η]ϕ a

SO3--CUP-28K

9.90

SO3--CUP-56K
SO3--CUP-80K

a) Standard error of [η]ϕ; b) associated water fraction (gram water per gram CUP)

The density of polymer and b was similar for the three polymers from Table 1 and
therefore the surface charge density increased linearly with the cube root of the polymer
3∗MW

molecular weight. The radius of the particle can be expressed as 𝑅𝑠 = (4πρN )1/3 , which
A

indicated that the radius of CUP particle was also proportional to its molecular weight.
Therefore, the bare surface charge density was proportional to the particle size. As the
particle size increased, the number of sulfonate groups at the CUP surface per unit area and
the counterions also increased. Therefore more water aligned at the surface to dissipate the
charges, increasing the associated water fraction. This increased the contribution of the
tertiary electroviscous effect to the overall viscosity.
The viscosity increase with molecular weight could also be partly due to the
hydrodynamic effects because the higher the molecular weight of the polymer, the larger
is the hydrodynamic volume which increases the contribution of hydrodynamic effects to
the viscosity. Rattanakawin2 et al. have demonstrated that the hydrodynamic effects are
negligible as compared to the electroviscous effect for spherical charged colloid particles
and therefore could be neglected. Chen11 had indicated that the associated water fraction
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for CO2--CUP (MW=28K) was 2.3. The sulfonate functional CUP (MW=28K) had a higher
associated water fraction as compared to carboxylate functional CUP which was attributed
to the higher effective charge and greater hydrogen-bonding capability of the sulfonate
functional CUPs. At each volume fraction, the effective charge calculated using Belloni’s
program for the sulfonate functional CUP was higher than that of the carboxylate functional
CUP. Based on molecular dynamic simulations, Yan et al. [40] reported that at similar
charge density, the sulfonate group had a larger hydration number (8-14) than the
carboxylate (5-7) because of the higher number of oxygen atoms with which the water
molecules could hydrogen bond. Figure 4 shows a pictorial representation of the variation
in the thickness of the hydration layer on the SO3- and CO2--CUP surface. The thickness of
water layer on the sulfonate functional CUPs was thicker than that on the carboxylate
functional CUPs.

Figure 4. Representative structure of SO3- and CO2--CUP surface with hydration
layer
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4.4. Surface Water Density
Recent studies on the states of water in latex resins report that the density of bulk
water differs from the density of water associated with a latex particle [41]. But the
contribution of the hydrophilic surface charged groups towards the surface water density
has been difficult to quantify due to the large particle size of latex resins [42]. To put it into
context, for CUP particles with a 3.3-nm radius, the volume fraction occupied by surface
water is about 61 % of the CUP particle volume. But the ratio of surface water to latex by
volume is only 1.72 % for a typical commercial latex resin with particle diameter of 100
nm, assuming same thickness of associated water for both CUPs and the latex resin.
Therefore, determining the associated water density becomes more difficult. Van De Mark
et al. [43] reported a simple method to determine the density of surface water on CO2- CUPs, based on the relationship between the surface water (S), the bulk water (B), and the
particle volume fraction ( 𝛷𝑝 ).
A similar analysis for the surface water density on SO3--CUPs was performed in
the following manner: The summation of volume fraction for the CUP system composed
only of CUP particles, associated water and bulk water is one [43], as shown in equation
26:
𝛷𝑝 + 𝛷𝐻2 𝑂,𝑆 + 𝛷𝐻2 𝑂,𝐵 = 1

(26)

Based on the conservation of mass of the total material [43] equation 27 is obtained:
𝑚𝑠 = 𝑚𝑝 + 𝑚𝐻2 𝑂,𝑆 + 𝑚𝐻2 𝑂,𝐵

(27)

Where,
𝑚𝑝 = 𝜌𝑠 ∗ 𝑓

(28)

𝑚𝐻2 𝑂,𝑆 = 𝜌𝐻2 𝑂,𝑆 ∗ 𝛷𝐻2 𝑂,𝑆

(29)
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𝑚𝐻2 𝑂,𝐵 = 𝜌𝐻2 𝑂,𝐵 ∗ 𝛷𝐻2 𝑂,𝐵

(30)

And, Φ denotes the volume fraction, m denotes the mass and 𝜌 denotes the density for each
material and 𝜌𝑠 denotes density of CUP dispersion.
The relation between the volume fraction of CUP particle and the surface water
[41] can be expressed as equation 31:
3

𝛷𝐻2 𝑂,𝑆 = [(1 + 𝛿⁄𝑟) − 1] ∗ 𝛷𝑝

(31)

Where, 𝑟 denotes the radius of CUP particle. Based on equation 27 through 31, equation
26 was solved to obtain equation 32:
1⁄ = 𝑎𝑓 + 𝑏
𝜌𝑠

(32)

Where,
𝑏=

1
𝜌𝐻2 𝑂,𝐵

and 𝑎 =

(1+𝛿⁄𝑟)
𝜌𝑝

3

−

1
𝜌𝐻2 𝑂,𝐵

−

𝜌𝐻2 𝑂,𝑆
𝜌𝑝 ∗𝜌𝐻2 𝑂,𝐵

3

*[(1 + 𝛿⁄𝑟) − 1]

(33)

Equation 32 represents the equation of a straight line for the plot of 1⁄𝜌𝑠 vs𝑓, where,
f denotes the weight fraction of CUP particles and 𝜌𝑠 denotes the density of CUP dispersion
at the corresponding weight fraction. The density of CUP dispersion at various weight
fractions was measured using a pycnometer and a graph of 1⁄𝜌𝑠 vs 𝑓 was plotted as shown
in Figure 5. The plot gives a linear curve which was fitted with a straight line equation.
The slope value from the curve indicated the value of ‘a’ in the equation 33. Using the
value of ‘a’ the density of surface water could be calculated.
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Figure 5. Effect of weight fraction (f) on 𝟏⁄𝝆𝒔

Surface water density (𝜌𝐻2 𝑂,𝑆 ) was calculated using equation 33 by substituting the
slope value obtained from Figure 5 for the value of ‘a’. The density of surface water for
SO3--CUP was 1.0971 g/cc which was 10.0% larger than the density of bulk water (0.997
g/cc) at 25 oC. The surface water density reported by Van De Mark et al. [43] for CO2- CUP was 7.18% larger (1.0688 g/cc) than the bulk water density. The higher density of
surface water for sulfonate as compared to carboxylate CUP could be attributed to the
difference in the structure of water around the respective functional groups. The sulfonate
group has higher hydration number as compared to the carboxylate which could result in a
more compact hydration layer and therefore increased surface water density [38].

4.5. Rheological Model Fitting
The experimental viscosity was fit with Russel’s model and the theoretical viscosity
calculated using equation 14. The effective charge (Zeff) was calculated using Belloni’s
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program and the primary electroviscous coefficient was determined using equation 9. The
values of 𝛼 and L were calculated using equation 10 and 11 respectively. For 𝛼, it’s factor
‘A’ ranges from 0.6 to 1, so there exist a minimum and a maximum value of 𝛼 and
therefore a minimum and maximum value for the theoretical expected viscosity. The
Debye-Hückel parameter (k) was calculated using equation 34 where, pH is the pH value of
the solution. Table 4 lists the values for some of the intermediate calculated parameters.

κ2 = 𝜀

𝑒2
0 𝜀 𝑟 𝑘𝐵 𝑇

(𝑛𝑍𝑒𝑓𝑓 + 2000𝑁𝐴 ∙ 10𝑝𝐻−14 )

(34)

In equation 14, the first two terms include the contribution of primary
electroviscous effect, tertiary electroviscous effect and hydrodynamic interaction. The
second term contains a 𝜙 2 term which is related with hydrodynamic interaction. The term
𝛼, which is the ratio of electrorepulsion force to Brownian force, takes into consideration
the contribution of secondary electroviscous effect. Thus the contribution from each
electroviscous effect can be calculated and the theoretical viscosity was plotted with the
experimental viscosity as shown in Figure 6.
Table 4 shows that the primary electroviscous coefficients decreased with
increasing volume fraction. As the volume fraction of polymer was increased, the number
of counterions also increased which shortened the electrical double layer. There was less
distortion of the double layer and therefore less energy dissipation which reduced the
contribution of the primary electroviscous effect to the viscosity. The effective collision
diameter decreased with increasing volume fraction which indicated that the secondary
electroviscous effect would become more prominent when the effective collision diameter
became of the order of the actual CUP diameter.
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Table 4. Effective Charge, surface potential, effective collision diameter, primary
electroviscous coefficient and specific viscosity of CUP suspension at various volume
fractions for carboxylate-CUP (28K) and the three sulfonate-CUPs
Polymer
Volume fraction
CO2 -CUP (28K)
0.0189
″
0.0262
″
0.0352
″
0.0470
″
0.0589
″
0.0789
″
0.0964
SO3--CUP (28K)
0.0043
″
0.0083
″
0.0166
″
0.0250
″
0.0330
″
0.0449
″
0.0503
″
0.0587
″
0.0671
″
0.0759
SO3 -CUP (56K)
0.0041
″
0.0083
″
0.0166
″
0.0249
″
0.0333
″
0.0418
″
0.0502
″
0.0587
″
0.0670
SO3 -CUP (80K)
0.0041
″
0.0083
″
0.0166
″
0.0250
″
0.0333

Zeff
9.21
8.70
8.29
7.80
7.42
6.93
6.61
11.9
10.2
9.90
9.73
9.55
9.20
8.91
8.69
8.40
8.21
31.5
29.8
29.6
29.5
29.4
29.1
28.0
28.5
27.9
53.5
47.3
44.1
43.7
44.3

ψsc
0.079
0.070
0.062
0.054
0.047
0.039
0.034
0.122
0.101
0.085
0.076
0.071
0.063
0.060
0.055
0.052
0.048
0.163
0.146
0.131
0.124
0.118
0.113
0.109
0.105
0.103
0.183
0.163
0.145
0.137
0.132

L (nm)
11.1
9.70
8.61
7.61
6.90
5.89
5.32
23.8
18.6
14.6
12.6
11.5
10.3
9.91
9.32
8.79
8.31
30.5
24.2
19.3
16.9
15.5
14.5
13.8
13.2
12.8
33.4
26.9
21.7
19.1
17.5

P
0.16
0.13
0.11
0.09
0.08
0.06
0.06
0.38
0.22
0.16
0.13
0.12
0.10
0.10
0.09
0.08
0.07
1.30
0.91
0.72
0.65
0.61
0.59
0.57
0.53
0.52
2.47
1.58
1.15
1.05
1.04

ηspa
0.25
0.35
0.44
0.63
0.79
1.17
1.56
0.25
0.31
0.46
0.61
0.77
0.89
1.01
1.19
1.37
1.45
0.27
0.40
0.61
0.82
0.99
1.21
1.41
1.62
1.82
0.28
0.40
0.63
0.89
1.18
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The theoretical relative viscosity obtained using Russel’s model was converted into
specific viscosity based on standard calculations and then plotted against volume fraction.
Figure 6 shows that the theoretical viscosity predicted using Russel’s model and the
experimental viscosity gave a good correlation with each other. The theoretical viscosity
varied from minimum to maximum values based on the value of coefficient A which varies
from 0.6 to 1 in the equation for alpha, which is the ratio of electro-repulsion force to
Brownian force. The experimental viscosity was within the calculated theoretical minimum
and maximum viscosity.

Figure 6. Comparison of experimental and theoretical specific viscosity for SO3-CUP (28K, 56K and 80K)
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4.6. Surface Tension Measurement
Figure 7 shows the plot of equilibrium surface tension behavior of the three
sulfonate-functional CUPs versus the concentrations. For comparison, surface tension of
carboxylate-functional CUP with molecular weight of 28K was also shown. Surface
tension of all the suspensions decreased linearly with increasing concentration of CUPs.
The reduction in surface tension was similar to that observed for typical surfactants; the
higher the concentration of the surface active groups, the lower is the surface tension.
Typical surfactants show a critical micelle concentration above which the surface tension
does not decrease, but no such point was observed in the case of CUP particles in the
concentration range evaluated.
Increasing the CUP concentration also increased the counter-ion concentration
(sodium ions), some of which condensed on the CUP surface reducing its effective charge
(Manning condensation [14]). The counterion condensation causes the effective charge to
be lower than the bare surface charge and allows more number of CUP particles with better
packing at the air-water interface. At the same time, the total number of charged groups at
the air-water interface increased because only a small fraction of the charged groups on the
CUP surface undergo Manning condensation. Therefore, the electrostatic repulsion
increased at the air-water interface which reduced the surface energy of the system. The
overall effect was a reduction in the equilibrium surface tension with increasing
concentration of CUPs. The sulfonate functional CUPs showed greater surface tension
reduction than the carboxylate functional CUPs.
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Figure 7. Surface tension of CUP suspension as a function of concentration

It is remarkable that the surface activity of CUPs increased with molecular weight.
Okubo [44] observed similar behavior for the surface activity of methyl polyethylenimine
which increased with molecular weight and was attributed to the increase in hydrophobicity
of the backbone with increasing molecular weight. In the case of CUPs, the spherical nature
of CUPs precludes any contribution from steric hindrance and rather it is the increasing
surface charge per unit area which leads to increased surface activity. The individual
polymer chain was composed of 9:1 ratio of MMA (M.W = 100): AMPS (M.W = 207) on
an average. There was one AMPS group for every 1107 Da of polymer and therefore, the
polymer with 28K, 56K and 80K molecular weight had on an average, 25, 51 and 72 AMPS
groups respectively, per particle.
Particles at an interface can either have attractive (van der Waals) or repulsive
forces (electrostatic) between them which determines the change in the surface energy. The
surface energy increases due to van der Walls attractive force which in turn increases the
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surface tension because increasing surface energy requires more work to distort the surface
[45].
Vafaei et al. [46] have shown that Bismuth telluride nanoparticles with surface
carboxylate groups reduced the surface energy via electrostatic repulsion and therefore
reduced the surface tension. CUP particles with charged sulfonate groups repelled each
other when adsorbed at the air-water interface and possibly reduced the surface energy of
the system, therefore, lowering the surface tension. CUPs with higher molecular weight
though slightly larger in size, had more charged groups per unit area on the surface and
therefore had increased electro-repulsion which gave greater reduction in surface tension.
The sodium counterion condensation at the air-water face also possibly resulted in better
packing of the CUP particles at the interface. The sodium ion helps to align negatively
charged CUPs at the interface.
The sulfonate-functional CUPs showed greater reduction in surface tension
compared to carboxylate-functional CUPs mainly due to the higher effective charge of the
sulfonate CUPs. As shown in Table 4, for similar molecular weight (28K), the SO3--CUPs
had higher effective charge than CO2--CUPs at each volume fraction and therefore reduced
the surface energy to a greater extent and helped to lower the surface tension to a higher
degree.
Another influencing factor could be the contact angle reduction due to the particles
at the interface. Typically as the surface tension is reduced, the contact angle of the
adsorbed particle at the air-water interface also decreases [47, 48]. Okkema and Cooper
[49] have demonstrated that the sulfonate group being more polar and hydrophilic than the
carboxylate, gave lower contact angle at the air water interface. Therefore, the sulfonateCUPs gave lower surface tension than the carboxylate-CUPs.
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Figure 8 shows the plot of dynamic surface tension against surface age for the three
SO3--CUPs and CO2--CUP (28K) at a concentration of 0.5 mole/m3. Surface age is the time
interval between the onset of bubble growth and the moment of maximum pressure.
Therefore as the surface age was increased, the bubble rate reduced which gave the CUP
particles more time to reach the air (bubble)-water interface.

Figure 8. Dynamic surface tension versus surface age for the three SO3--CUPs and
CO2--CUP-28K

The data gave a good exponential fit represented by the equation 35. The fitting
parameters were shown in Table 5. The kinetic relaxation parameter corresponds to the
time required for the surfactant to reach equilibrium surface tension value which is a
function of different parameters.
𝑦 − 𝑦0 = 𝐴 ∗ exp(− 𝑡⁄𝜏𝑘 )

(35)
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Figure 8 indicated that with increasing molecular weight, the CUP particles took
longer time to reach the equilibrium surface tension. The exponential relaxation of surface
tension is consistent with a kinetically limited adsorption (KLA) reported by Diamant et
al. [50]. The relaxation time (𝜏𝑘 ) indicating the half-time in reaching equilibrium surface
tension and obtained as a fitting parameter, increased with increasing molecular weight as
shown in Table 5 and indicated a barrier to surface adsorption via electrostatic repulsion.

Table 5. Fitting parameters for DST versus surface age at 0.5 mole/m3
CUP system

𝑦0

A

B

R2

CO2--CUP-28K

71.7

1.67

0.078

0.997

SO3--CUP-28K

71.0

3.37

0.084

0.995

SO3--CUP-56K

69.6

5.11

0.136

0.999

SO3--CUP-80K

64.9

7.64

0.990

0.997

Van De Mark et al. [31] have shown that for accurate particle size measurement of
CUPs using DLS, the viscosity of the solvent needs to be replaced by the viscosity of the
solution because of electroviscous effects. The collective diffusion coefficient (Dc) was
approximated from the generalized Stokes-Einstein’s expressed as equation 36, relating the
collective diffusion coefficient to the radius of particle (𝑟) measured using DLS and the
viscosity of the solution (η) at 25 oC [51].
𝐷𝑐 =

𝑘𝑏 ∗𝑇
6∗𝜋∗𝜂∗𝑟

(36)
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Where, 𝑘𝑏 is the Boltzmann constant and T is the absolute temperature of the solution.
The diffusion coefficients (𝐷𝑐 ) were calculated to be 1.30, 0.66 and 0.49 (10-6
cm2/s) for the 28K, 56K and 80K- SO3--CUPs (each at a volume fraction of 0.05)
respectively. Therefore the SO3--CUP-80K taking more time to reach equilibrium surface
tension could be explained by a slower diffusion of the higher molecular weight CUP to
the air-water interface.
Figure 9 shows the dynamic surface tension data for the three sulfonate CUPs at
different concentrations which was fit to the equation 34 and the kinetic relaxation time
(𝜏𝑘 ) was shown in Table 6. The relaxation time required to reach equilibrium surface
tension increased with increasing concentration of CUPs.

Figure 9. Dynamic surface tension versus surface age at various concentrations for
the three SO3--CUPs: a) 28K, b) 56K and c) 80K CUP
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Table 6. Relaxation time (𝝉𝒌 ) for the three sulfonate-CUPs at various concentrations
SO3--CUP

Concentration
(mole/m3)

𝜏𝑘 (sec)

R2

28K

0.50

0.084

0.995

″

1.01

0.234

0.999

″

1.48

1.324

0.992

″

1.97

1.431

0.993

56K

0.25

0.083

0.997

″

0.50

0.136

0.999

″

1.04

0.242

0.999

″

1.76

1.007

0.997

80K

0.25

0.527

0.998

″

0.50

0.990

0.980

″

1.01

2.436

0.996

″

1.25

3.135

0.993

There are two factors at play in the case of CUP solutions: the viscosity of the
solution and the distance required to travel to reach the air-water interface. As the
concentration was increased, the viscosity of CUP solution also increased, slowing the
diffusion of CUP particles to the air-water interface. Increasing the concentration also
increased the probability of a CUP particle getting adsorbed at the air-water interface and
decreased the distance needed to travel to reach the interface. The overall effect was an
increase in the relaxation time to reach equilibrium which indicated that the CUP particles
took longer time to reach the air-water interface. This observation is important from the
point of view of applications for the CUP particles, where the rate of surface tension
reduction is of prime importance.
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5. CONCLUSIONS

The rheological and surface tension behavior of the strong-acid (sulfonic acid)
containing CUP particles was studied and related with our previous work for the weak-acid
(carboxylic acid) containing CUP particles. At similar molecular weight, the sulfonate
functional CUP had a higher bound water fraction than the carboxylate functional CUP
because of a higher surface charge density and higher hydrogen-bonding capability. The
theoretical viscosity predicted by Russel’s model gave a good fit to the experimental
viscosity in the dilute concentration regime (volume fraction < 0.1).
The sulfonate-functional CUPs showed higher surface activity than the
carboxylate-functional CUPs which was attributed to greater surface energy reduction due
to higher electrostatic repulsion and lower contact angle due to higher hydrophilicity.
Dynamic surface tension studies revealed that the rate of surface tension reduction was a
function of the molecular weight of the polymer and the surface charge density of the CUP
particle. The understanding of rheology and surface tension behavior would be useful when
one would specifically want to influence either one of the property without affecting the
other. To increase the viscosity of a system without significantly affecting its surface
tension the use of low molecular weight carboxylate functional CUPs at a higher
concentration would be profitable. Similarly, to lower the surface tension of the system
without significant increase in viscosity, the use of high molecular weight sulfonate
functional CUPs at low concentration would be recommended. The surfactant free, zeroVOC nanopolymer systems have demonstrated excellent properties when used as filmformers [52, 53] and many more applications are currently being evaluated for the resins
and coatings industry.
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2. SUMMARY

This dissertation discussed the synthesis, characterization and application of a new
type of aqueous, nano-particle dispersion system termed as colloidal unimolecular
polymers (CUPs). CUPs with different surface functional groups, carboxylate, sulfonate
and quaternary ammonium, were prepared by the process of water-reduction on the acrylic
copolymers. The CUP particles were self-stabilized via electrostatic repulsion of the
surface charged groups and hydrophobic chain association.
In PAPER I, a series of nine MMA-MAA copolymers were synthesized with
molecular weight ranging from 3,000 to 160,000 to evaluate the effect of molecular weight
of the copolymer on the CUP formation and stability. The particle size measurements of
CUPs using DLS demonstrated that for polymers with molecular weight of less than
13,000, unimolecular collapse of polymer chains was not favored due to insufficient
electrostatic stabilization. The CUP particles were not stable and aggregated to bigger
particle size. For the polymers with molecular weight above 13,000, good agreement
between the experimental and theoretical particle size was observed indicating the stability
of the CUP particles.
In PAPER II, CUPs with sulfonate groups on the surface were prepared and utilized
as an acid catalyst for crosslinking of acrylic-melamine resin systems. Unlike carboxylate
functional CUPs, the sulfonate-CUPs were stable in the presence of water containing 50
ppm calcium ions, because, the calcium salt of sulfonic acid remained soluble.
Carboxylate-functional CUPs on the other hand formed insoluble calcium salts and
precipitated out of the solution. The sulfonate-CUPs effectively catalyzed crosslinking of
hydroxyl and carboxyl functional acrylic latex resins with melamine resin and gave
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mechanical properties comparable to that obtained using a commercial low molecular
weight blocked sulfonic acid catalyst. The 4.5 nm particle size of the carboxylate-CUPs
resulted in better availability of reactive groups and better coalescence than the 95 nm
carboxylate functional latex, which was evident from better indentation hardness and MEK
rubs. Leaching experiments using Soxhlet extraction showed that CUP catalyst became
immobile possibly due to incorporation into the final cured film while the commercial
catalyst leached out. Unlike conventional water reducible resins, CUP solutions offer a
surfactant free, zero--VOC, high performance technology option for future coatings
applications.
In PAPER III, synthesis of cationic functional CUPs based on quaternary
ammonium groups was demonstrated. Compared to carboxylate-CUPs, the QUAT-CUPs
displayed higher viscosity due to greater associated water fraction. The surface tension
behavior of QUAT-CUPs was similar to carboxylate-CUPs. The surface tension decreased
with increasing concentration and molecular weight of CUPs due to decreasing surface
energy with increasing surface charge density.
In PAPER IV, the rheology and surface tension behavior of sulfonate-functional
CUPs was evaluated. The sulfonate-CUP showed higher associated water fraction, surface
water thickness and greater surface tension reduction than the carboxylate-CUP. Dynamic
surface tension studies revealed a kinetically limited adsorption of CUPs to the air-water
interface. The kinetic relaxation time increased with increasing concentration and
molecular weight, indicating a barrier to adsorption of CUPs to the interface. It was
demonstrated that similar to carboxylate-CUPs, Russel’s model can also be used to predict
viscosity of sulfonate-CUPs in the dilute region.
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The development of acrylic colloidal unimoleuclar polymers (CUPs) has moved
from the realm of laboratory investigation to the point today at which, they can be tested
and developed commercially in numerous applications. Future research could involve
studying the effect of concentration of polymer during water reduction on the unimolecular
collapse and the evaluation of the solvent composition at the polymer chain collapse point.
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